Rivers of the Last Glacial Maximum: a southeast Australian perspective by Mueller, Daniela
University of Wollongong 
Research Online 
University of Wollongong Thesis Collection 
2017+ University of Wollongong Thesis Collections 
2017 
Rivers of the Last Glacial Maximum: a southeast Australian perspective 
Daniela Mueller 
University of Wollongong 
Follow this and additional works at: https://ro.uow.edu.au/theses1 
University of Wollongong 
Copyright Warning 
You may print or download ONE copy of this document for the purpose of your own research or study. The University 
does not authorise you to copy, communicate or otherwise make available electronically to any other person any 
copyright material contained on this site. 
You are reminded of the following: This work is copyright. Apart from any use permitted under the Copyright Act 
1968, no part of this work may be reproduced by any process, nor may any other exclusive right be exercised, 
without the permission of the author. Copyright owners are entitled to take legal action against persons who infringe 
their copyright. A reproduction of material that is protected by copyright may be a copyright infringement. A court 
may impose penalties and award damages in relation to offences and infringements relating to copyright material. 
Higher penalties may apply, and higher damages may be awarded, for offences and infringements involving the 
conversion of material into digital or electronic form. 
Unless otherwise indicated, the views expressed in this thesis are those of the author and do not necessarily 
represent the views of the University of Wollongong. 
Recommended Citation 
Mueller, Daniela, Rivers of the Last Glacial Maximum: a southeast Australian perspective, Doctor of 
Philosophy thesis, School of Earth and Environmental Sciences, University of Wollongong, 2017. 
https://ro.uow.edu.au/theses1/131 
Research Online is the open access institutional repository for the University of Wollongong. For further information 
contact the UOW Library: research-pubs@uow.edu.au 
RIVERS OF THE LAST GLACIAL MAXIMUM: 
A SOUTHEAST AUSTRALIAN PERSPECTIVE 
by  
Daniela Mueller 
University of Wollongong 
Australia 

RIVERS OF THE LAST GLACIAL MAXIMUM:
A SOUTHEAST AUSTRALIAN PERSPECTIVE
A thesis submitted in fulfilment of the












I, Daniela Mueller, declare that this thesis, submitted in fulfilment of the
requirements for the award of Doctor of Philosophy, in the School of Earth and
Environmental Sciences, University of Wollongong, is wholly my own work
unless otherwise referenced or acknowledged. The document has not been






The Quaternary evolution of rivers in southeastern (SE) Australia has been the
focus of numerous studies for over half a century. Fluvial records, within the
depositional basin of the Riverine Plain west of the Great Dividing Range, are
often represented by palaeochannels much larger than the present river
channels. Morphologic differences, such as larger bankfull channel widths,
larger meander wavelengths and coarser bed-load sediments provide evidence
for regimes of higher discharge and stream competence, stemming from
significant changes in runoff volumes and sediment supply. Previous dating of
some of the Late Pleistocene palaeochannels suggested an association with
the Last Glacial Maximum (LGM) but the presence or absence of such
palaeochannels varies between catchments. In some catchments it has been
suggested that continuous enhanced fluvial activity occurred throughout the
LGM, whilst in other basins such fluvial activity is thought to have ceased at the
peak of the LGM.
However, the predominant opinion in the literature is that conditions during the
LGM in SE Australia were cold and arid which seems to be contradictory to
findings of some of the fluvial settings. Recent developments in dating
techniques, such as single-grain optically stimulated luminescence (OSL) allow
for the examination and validation of previous established chronologies from
fluvial archives. The palaeohydrological conditions in three catchments of SE
Australia are the focus of this study. Palaeochannel remnants of the
Murrumbidgee, Goulburn and Murray rivers that were previously linked to the
LGM, were investigated to constrain the timing of activity and the predicted
discharge associated with the systems.
Ten sites along palaeochannel systems of the Murrumbidgee River, three sites
along the Goulburn River and two sites along the Murray River were
investigated. A total of ~240 m of sedimentary core, 39 single-grain OSL ages
and for comparison 11 thermoluminescence (TL) ages were obtained. The OSL
characteristics of the sediment were investigated and partial bleaching in the
modern and Late Pleistocene samples was not identified.
IV
The studied, competent palaeochannel systems were all found to be
systematically older than previously estimated. Enhanced fluvial activity was
found to have occurred broadly synchronously during the late Marine Isotope
Stage (MIS) 3 (~34 ka) within the three catchments. In addition, convincing
evidence was found for a competent flow regime operating at the peak of the
LGM (~25 to 19 ka) for the Murrumbidgee River. It is also highly likely that the
Goulburn and Murray river catchments also exhibit similar evidence. For LGM
flows on the Murrumbidgee River, bankfull discharge capacities of up to 12
times the modern were inferred, while late-MIS 3 discharge volumes were only
up to 8 times the present bankfull discharge. Significant differences in predicted
palaeodischarges and morphometric characteristics are also apparent between
late-MIS 3 channels on the Murrumbidgee and those on the Goulburn and
Murray rivers. Palaeodischarges of 3.2 to 4 times the modern were estimated
for the Goulburn and Murray rivers respectively, indicating that higher runoff
volumes were available in the Murrumbidgee catchment during at least the late
MIS-3.
Previous studies have suggested the role of reduced temperatures during the
LGM as a controlling factor on increased runoff and seasonality. In this study, a
snow accumulation was used to investigate predicted changes in runoff with
reduced temperatures. Quantifying the proportion of precipitation falling as
snow, the accumulation of snowpack and ablation indicates significant
increases in seasonal runoff during colder times while retaining modern
precipitation amounts and spatial pattern. In accordance with a significant
change of evapotranspiration, spring snowmelt triggered runoff regimes are
capable to supply sufficient runoff even during low intensity rainfall events to
explain the competent palaeochannel systems found in SE Australian
catchments.
In summary, the findings of this study show that enhanced fluvial activity was
recorded during the peak of the LGM, most likely triggered by highly seasonal
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The Quaternary evolution of rivers in southeastern (SE) Australia has been the
focus of attention for over half a century (e.g. Butler, 1950; Langford-Smith,
1959; Walker, 1962; Bowler, 1978a, 1978b; Pels, 1964a, 1964b; Schumm,
1968; Nott and Price, 1991; Page et al., 1991, 1996; Banerjee et al., 2002;
Pietsch, 2006; Stone, 2006a; Kemp and Rhodes, 2010). Due to the absence of
medium to large-scale ice fields on the Australian mainland in the Last Glacial
Maximum (LGM) no glacial overprinting has occurred, favouring the
preservation of fluvial sedimentary records that extend back to 100 ka (Page et
al., 1991; Croke et al., 2011) or even in particular cases beyond Marine Isotope
Stage (MIS) 7 (Nanson et al., 1992; Nott et al., 2002). Fluvial records, within the
more or less tectonically stable depositional basins west of the Great Dividing
Range, in SE Australia, are often represented by palaeochannels much larger
than present. Distinctive morphologic differences, such as larger bankfull
channel widths, larger meander wavelengths and coarser bed-load sediments
provide evidence for regimes of higher stream power or stream competence,
stemming from significant changes in runoff volumes, flood-frequency regimes
and sediment supply.
Initial dating of some of the younger palaeochannels suggested their
association with the LGM (e.g. Pels, 1969; Bowler, 1967, 1978a, 1978b).
Nonetheless, the presence or absence of these palaeochannels varies between
catchments. Some catchments were thought to have experienced continuous
enhanced fluvial activity throughout the entire LGM, whilst in other basins such
fluvial activity is thought to have ceased at the peak of the LGM (e.g. Bowler,
1978b; Page et al., 1996). The predominant opinion in the literature is that
conditions during the LGM were dry (e.g. Galloway, 1965), however this seems
to be contradictory to some findings from certain fluvial settings. Earlier
geochronological studies on these large palaeochannels relied on early
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radiocarbon and conventional multi-grain thermoluminescence (TL) dating
techniques. Recent developments in dating techniques, such as single-grain
optically stimulated luminescence (OSL), allow for an examination of previous
findings by identifying the effects of partial bleaching or post-depositional
modification of the deposits. Therefore re-evaluating the chronologies of some
of the existing research becomes both feasible and necessary. This is crucial as
the LGM is considered to be a significant period for climate reconstruction and
future scenario prediction. The LGM is globally characterised by substantially
different climate patterns, in comparison to present conditions and the global
LGM cooling is of a similar magnitude as the expected temperature rise for the
future (Braconnot et al., 2012). In order to test the validity of global climate
models, robust terrestrial archives that record runoff are urgently needed. This
is particular in the case for the Australian continent where very few records of
past precipitation and runoff exist.
1.2 Aims
The overriding objective of this work is to assess how river systems in SE
Australia responded morphologically to climatic conditions of the LGM. Hence,
the first aim is to derive new chronologies for selected palaeochannel systems
using single-grain OSL dating. For this, key sites along the Murrumbidgee,
Murray and Goulburn rivers were chosen and the results are compared to
previously published chronologies. The second aim examines the stratigraphy,
sedimentology and discharge capacities of the investigated palaeochannel
systems while the third aim assesses the hydrological conditions that were
most likely responsible for the development of such systems.
1.3 Thesis structure
This thesis is a compilation of chapters in monograph and journal article style.
Chapters 2, 5, 6 and 7 are drawn up as monograph chapters while Chapters 3
and 4 are in journal article style, but have not yet been submitted. The
Supporting Information of both chapters are presented after the manuscripts
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and a declaration of co-author contribution can be found in the appendix. The
chapters lead through this work as follows:
Chapter 2 provides the background to palaeoenvironmental conditions within
SE Australia at the end of the Late Pleistocene and a compilation of fluvial
records of the region. The setting of this study is introduced and the current
hydrologic regime, climate conditions and vegetation patterns are also
presented.
In Chapter 3 the use of single-grain OSL dating for fluvial environments is
examined and a new single-grain OSL chronology of the Murrumbidgee River
palaeochannels is provided. The results are compared to conventional multi-
grain TL dating and to the previously published chronology for the
Murrumbidgee River.
In Chapter 4 a revised map of the Murrumbidgee River palaeochannels is
presented and palaeohydrologic conditions for such channels are reconstructed
using channel morphometrics, planform characteristics and bed-load grain size
appearance. Lateral channel migration is discussed at two key sites.
Chapter 5 provides a revised palaeochannel map for the Goulburn River and a
new palaeochannel map for the Murray River. New single-grain OSL ages and
palaeodischarge estimates are presented and give insights into former fluvial
activity of the Murray and Goulburn rivers.
In Chapter 6 the palaeohydrologic findings are linked to palaeoclimatologic
conditions. A snowpack accumulation model is used to estimate the contribution
of seasonal, snowmelt-controlled runoff. All three study catchments are
assessed and the use of the model for other catchments is discussed.
The final Chapter 7 provides a synthesis of the presented findings and
connects conclusions to those of other archives from SE Australia. This is put
into a Southern Hemisphere context and recommendations for future work are
given.







2.1 Introduction and chapter objectives
The LGM is defined as “the most recent maximum of the globally integrated ice
volume” and its timing is conventionally derived from the equivalent sea level
minima, currently estimated to a period from 24 to 18 ka cal BP (Mix et al.,
2001). A global trend of lowered temperatures and the gain of terrestrial ice
masses are recorded by many palaeoclimate indicators but regional differences
in timing and magnitude have been recorded in several archives. In this
chapter, prevailing palaeoenvironmental conditions of SE Australia at the end of
the Late Pleistocene are introduced and previous findings of fluvial studies are
compiled and reviewed. The regional setting and contemporary conditions are
presented in the last part of the chapter.
2.2 SE Australia at the end of the Late Pleistocene
At the end of the Late Pleistocene (MIS 3: 60 to 29 ka; Lisiecki and Raymon,
2005), global relative sea levels decreased substantially by -60 and -90 m. At
about 30 ka, sea levels dropped to similar levels as during the LGM, being
about 120 to 135 m lower than at present (Yokoyama et al., 2000; Lambeck and
Chappell, 2001; Mix et al., 2001; Lambeck et al., 2002; Peltier and Fairbanks,
2006) and causing the exposure of wide areas of the Australian shelf and the
closure of the Bass and Torres Straits (Lambeck and Chappell, 2001;
Yokoyama et al., 2001). This was followed by a rapid increase of the equivalent
sea level shortly after the peak of the LGM (Lambeck and Chappell, 2001; Mix
et al., 2001; Lambeck et al., 2002; Peltier and Fairbanks, 2006).
Early studies suggest that an already cold (e.g. D’Costa and Kershaw, 1995;
Forbes et al., 2007), but wet MIS 3 (e.g. Wasson and Donnelly, 1991; Nanson
et al., 1992; Page et al., 1996), was succeeded by an even colder, windy and
Chapter 2
- 6 -
relatively dry period in SE Australia at the LGM (e.g. Galloway, 1965; Bowler,
1976). These are summarised below:
Cold - Off the coast of eastern Australia (between 20 and 40°S) sea surface
temperatures of the Pacific cooled by 3–5°C at about 20 ka (Barrows and
Juggins, 2005). This coincides with terrestrial temperature estimates for the
Australian continent during the LGM, ranging between 8 and 10°C lower than at
present mean annual temperatures (Costin, 1972) and between 6–10°C lower
than the warmest month at present (Galloway, 1965; Coventry, 1976; Miller et
al., 1997; Chang et al., 2015). However, the considerable drop in atmospheric
temperatures were said to have occurred by mid- to late-MIS 3 (~34 ka: Costin,
1972; ~45 ka: Miller et al., 1997).
Evidence for LGM periglacial activity in the form of solifluction and block
streams have been found in the Snowy Mountains and Victorian Alps (Fig. 2-1)
at altitudes of ~1,000 m and even as low as 700 m AHD (Australian Height
Datum; Galloway, 1965; Barrows et al., 2004; Slee and Shulmeister, 2015). A
lowering of the orographic snowline of about 600–700 m to ~1975 m AHD has
also been inferred (Galloway, 1965).
Glaciation on mainland Australia was restricted to an area of less than 15 km²
around Mount Kosciuszko in the Snowy Mountains (Fig. 2-1) with three late
glaciation advances recorded at 32, 19 and 16 ka (Barrows et al., 2001). The
LGM-related advance marked the maximum glacial extent and correlates with
records from Tasmania (Barrows et al., 2001, 2002). Both, glacial and
periglacial records indicate low temperatures and frost conditions over a
significant length of time.
Windy - The interior of Australia was thought to be characterised by active
longitudinal dune progression in MIS 3 and 2. In MIS 2, dust entrainment and
flux from the mainland to the Tasman Sea was estimated at three times that of
the Holocene (Hesse, 1994). Sand dune activity in the Blue Mountains (Sydney
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hinterland; Hesse et al., 2003) and a coastal catchment (Shoalhaven River, Fig.
2-1; Nott and Price, 1991) as well as extensive lunette development along large
river systems (Bowler, 1978b; Page, 1994) and inland lakes (Bowler, 1986)
provide concurring evidence for windy conditions as well as the lack of
vegetation that presently stabilises sediment deposits. The MIS 3 and 2 dust
record indicates prevailing westerlies in the LGM but also points towards a
Fig. 2-1 Overview of the Murray-Darling Basin and its major rivers. Important streams of the
coastal board, locations and lakes (1: Menindee Lakes; 2: Willandra Lakes; 3: Lake Tyrell; 4: Lake
Urana; 5: Lake George; 6: Lake Baraba; 7: Little Llangothlin Lagoon and 8: (Palaeo-) Lake Kanyapella)
as mentioned in the text are indicated (river data from BoM, 2012). Together, the Snowy Mountains




similar strength during the Holocene based on similarity in grain size
characteristics of windblown sediments found in offshore marine deposits
(Hesse and McTainsh, 1999). However, stronger winds during the LGM have
been suggested based on other records (e.g. Bowler, 1976; Thom et al., 1994).
Dry (?) - Dust entrainment strongly points to a sparsely vegetated environment
in continental Australia at the end of the Late Pleistocene (Hesse, 1994; Hesse
et al., 2004). For example, presently the SE Australian highlands are dominated
by dry sclerophyll open Eucalyptus forests whereas pollen assemblages from
the Late Pleistocene (between ~20 – 30 ka ago) indicate a treeless, open
shrub-steppe formation specific to an arid to semi-arid environment in this
region (e.g. Singh and Geissler, 1985; Dodson and Wright, 1989; Williams et
al., 2006). A single record of Casuarina woodland from Lake Baraba (eastern
NSW; Fig. 2-1) that prevailed during the end of the last glacial has been
interpreted as a refugium in the highlands rather than the indication of woodland
distribution over vast areas (Black et al., 2006). Successively decreasing lake
levels, allowing extensive deflation of the drying basin floors and the
accumulation of source-bordering dunes at the Willandra lakes and Lake Tyrell
(Fig. 2-1), were thought to indicate arid conditions in the interior of Australia at
the LGM (Bowler and Teller, 1986; Bowler et al., 2012; Stone, 2006b).
Conversely, evidence for the existence of an extensive wetland in the Flinders
Ranges (Williams et al., 2001) as well as prevailing high lake levels in Lake
Urana (interior NSW; Page et al., 1994) between ~30 and 17 ka suggest the
contrary. This is supported by a number of lake records that range from the
Australian Alps to the interior, like Lake George, Lake Kanyapella, Menindee
Lakes and Little Llangothlin Lagoon (e.g. Galloway, 1965; Coventry, 1976;
Bowler, 1978b; Hope, 1983; Shulmeister et al., 2016). A more recent study of
the Willandra Lakes (Fitzsimmons et al., 2015) found evidence for distinctively
high lake levels at ~24 ka contrasting to previous findings. A high-resolution
speleothem record from Naracoorte caves in South Australia substantiates
earlier ideas that indicate wetter environments between 35 to 25 ka, followed by
more arid conditions at the LGM (Ayliffe et al., 1998).
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Whereas various temperature records seem to be in broad agreement,
inconsistency about environmental aridity is widely apparent. Therefore,
assumptions about environmental aridity have to be carefully assessed and it is
essential to investigate all accessible archives in the process to unravel the
conundrum of palaeohydrologic conditions. Palaeohydrologic implications
drawn from fluvial archives form the scope of this work and previous findings
from fluvial research are consequently presented in more detail in the following
section. Ages and phases of enhanced fluvial activity are, for the purpose of this
chapter, reported as originally published to explain the original interpretation of
the author (i.e. Bowler 1978a, b). Calibration of radiocarbon ages, in following
chapters, will be performed using the SHCal 13.14c calibration dataset (Hogg et
al., 2013) to bring those ages into context.
2.3 Fluvial records of MIS 3 and 2
In SE Australia, there are two major hydrologic regions, the Murray-Darling
Basin (MDB) and the coastal catchments (Fig. 2-1). Separated by the Great
Dividing Range (GDR), the relatively small catchments (<25,000 km2) drain the
highlands of the SE directly towards the Tasman Sea whereas larger,
interconnected catchments convey runoff throughout the semi-arid interior and
collectively drain though the Murray River into the Great Australian Bight.
2.3.1 The Murray-Darling Basin
The MDB (Fig. 2-1) is drained by its two major rivers, the Murray and Darling
rivers, as well as a myriad of tributaries that have left their imprint in a series of
coalescing floodplains. Partly well-preserved palaeochannel systems of
distributary and avulsive nature can be traced over long distances (>100 km).
The Riverine Plain in the southern part of the MDB has been the focus of early
investigations. By the mid-20th century, Butler (1950) and Langford-Smith
(1959) had commenced describing and analysing these floodplains and the
differences between the “prior stream” system and the modern drainage
network. Disagreement already existed over climatic conditions responsible for
the phases of deposition and incision (Butler, 1950, 1958, 1960, 1961;
Langford-Smith, 1959, 1960a, 1960b, 1962, 1963). Pels recognized genetic
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differences and, therefore, distinguished the ‘prior stream system’ from a
younger ‘ancestral river system’ (Pels, 1964a, 1964b, 1966, 1969). He further
compartmentalised the latter into four phases according to soil types found.
Following the term “Coonambidgal” that Butler (1958) introduced for the
‘ancestral river system’, Pels named what he was thought to be the youngest
stratigraphic formations Coonambidgal I to IV. Each phase was thought to
comprise depositional processes during arid periods whereas incision was
linked to pluvial periods (Pels, 1971). These findings were based on early
radiocarbon dates from the Murray-Goulburn-River-Sector (Pels, 1969; Bowler,
1967; Bowler and Harford, 1966) and have been assessed, revised and new
palaeochannel nomenclatures and chronologies were subsequently
established.
In more recent studies, the occurrence of wide palaeochannels with long
meanders is commonly associated with past pluvial phases (e.g. Page et al.,
1996; Pietsch et al., 2013) while the decrease in channel size or the absence of
records has been used as evidence for a reduction in fluvial activity (Page et al.,
1996; Kemp and Rhodes, 2010) and linked to arid phases. A reworking or
burying of fluvial deposits by younger systems and/or the avulsion of channel
belts are important considerations that have been assessed in context of some
of the catchments and the position of the palaeochannels in the landscape
(Pietsch et al., 2013). The most recent studies are summarised below.On the
Murrumbidgee River (Fig. 2-1) extensive palaeochannels previously identified
by Schumm (1968) were later dated by Page et al. (1996) using TL dating on
fluvial sands (Fig. 2-2). A series of wide, laterally migrating channels with a
bankfull discharge capacity that exceeds the present by four to five times was
termed the ‘Gum Creek’ phase and was thought to have operated between 35
and 25 ka ago. A similar, but slightly less effective system, with three to four
times modern discharge capacity, was said to be active from 20 to 13 ka ago
and termed the ‘Yanco’ phase. The absence of fluvial records for the
intermediate period, coinciding with the peak LGM (25 to 20 ka) had been used
to suggest drier conditions and reduced riverine activity. This interpretation of a
dry LGM was favoured over a sampling or statistical bias by Page et al. (1996).
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Fluvial sands of the ‘Ulgutherie’ phase (34 to 20 ka; Fig 2-2) on the Lachlan
River have been dated with OSL. The phase of activity is described as a “more
or less continuous” period of laterally migrating, mixed-load river channels,
leaving distinct swale and ridge patterns on the former floodplains (Kemp and
Rhodes, 2010). These wide, but shallow, channels with meander wavelengths
4–10 times larger than present were said to be able to convey 6-11 times more
bankfull discharge than the modern river (Kemp and Rhodes, 2010). It has been
inferred that during peak LGM times smaller and slower migrating channels
developed but no evidence for the time following the peak LGM has yet been
found for this river (Kemp and Rhodes, 2010).
To the south of the Murrumbidgee, well preserved and distinct meander scrolls
formed by the Goulburn River (Fig. 2-1) have been termed the ‘Kotupna’
complex. Fragmental carbon and charcoal from a variety of fluvial settings of
Fig. 2-2 Collected ages from fluvial archives of the Murray-Darling Basin with indicated errors.
Phases with evidence of enhanced fluvial activity, as interpreted by the original researchers, are
accentuated with bar signatures (after 1: Bowler, 1978a; 2: Lawrie et al., 2012; 3: Watkins, 1992; 4: Young
et al., 2002; 5: Pietsch et al., 2013; 6: Kemp and Rhodes, 2010; 7: Page et al., 1996; 8: Bowler, 1978b). TL
ages are displayed by triangles and OSL ages by circles. Radiocarbon ages are as presented in the
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the Kotupna complex was date with conventional radiocarbon dating to
25 to 15 ka BP (Bowler, 1978b). The bed-load dominated channels of the
Kotupna complex were superseded by smaller, less meandering, lower
discharge capacity, suspended-load rivers marking a hydrological change at
~15 ka BP. For the period from ~30 to 15 ka BP the discharge capacity of the
Murray and Goulburn rivers has also been suggested to be at least three times
higher than the modern drainage system and was thought to have fed Lake
Kanyapella, a large lake basin induced through tectonic uplift of a tilt block
along the Cadell fault (Fig. 2-1; Bowler, 1978b). It has been interpreted that
source-bordering dunes along the reaches of these rivers were formed as a
result of wind transport of sand from exposed fluvial sand bars during seasonal
low flow stages (Bowler, 1978b). A single age of a fluvial channel sand deposit
related to the Kotupna system was TL dated to 34.4 ± 4.0 ka by Page et al.
(1991) and an earlier onset of a period of enhanced activity was suspected but
no further investigation took place. Radiocarbon dating of charcoal fragments
and developed calcrete in fluvial deposits of the Darling Anabranch at Tilpa (Fig.
2-1) show an active floodplain deposition phase between ~36 and 20 ka BP
(Bowler et al., 1978a). Large sinuous meanders have been inferred to represent
enhanced sediment transport capacity at ~20 ka ago when the stream
experienced channel avulsion and diversion. The laterally migrating channels
were bed-load dominated, in contrast to the modern mostly stable suspended-
load river. A high rate of migration (0.2 m/y) was attributed to reduced bank
stability, caused by a lack of vegetation, high groundwater tables, catastrophic
flood peaks through a coupling of spring snowmelt and summer monsoon runoff
(Bowler et al., 1978a). This fluvial activity supposedly resulted in discharge
twice as high as present and took place at the same time as the ‘Gum Creek’
phase of the Murrumbidgee River, but was replaced by a period of active
lunette development at the peak of the LGM (Bowler et al., 1978a). Further
evidence for enhanced fluvial activity was reported for the lower Darling River in
proximity to Menindee Lakes (Lawrie et al., 2012). There, a phase of scroll bar
activity between ~22 to 17 ka (OSL dating) was linked to the LGM.
In the Namoi catchment (Fig. 2-1) in the northern part of the MDB, lateral
migration of wide, bed-load to mixed-load channels with a higher discharge of
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twice the modern rate are preserved in the Carrabear Formation and bed-load
sediment and alluvium were TL dated to ~18 to 12 ka ago (Young et al., 2002).
These results correlate and extend a previously established TL chronology of
channel sediments (26 to 13 ka) for wide meander belts in the Carrabear
Formation downstream in the Walgett and Nyngan area of the Macquarie
catchment (Watkins, 1992; Watkins and Meakin, 1996; Young et al., 2002).
Furthermore, Wray (2009) suggest the development of a large palaeochannel
system with meander wavelengths of 1.5–2 times and a calculated bankfull
discharge of 2.25 times that of the present system downstream of Narrabri.
These were thought to be synchronous with palaeochannel systems in the
Gwydir catchment. Channel sediments of these systems were dated with OSL
by Pietsch (2006). There, the mostly parallel Kookabunna and Kamilaroi
palaeochannels had been active between ~19 and 16 ka (Kamilaroi phase) and
remained as large, meandering single channels with a cross-section area being
able to carry a multiple of the modern bankfull flow (Pietsch, 2006; Pietsch et
al., 2013). However, distinct evidence for fluvial activity at the peak LGM has
not been found for the Gwydir, which has been interpreted as a period of
decreased flow, but not as total absence of riverine activity (Pietsch, 2006).
Thus, the Gwydir and Macquarie catchment palaeochannels correspond to the
‘Yanco’ complex on the Riverine Plain to the south, whereas the absence of
‘Gum Creek’ equivalent was speculated to be the result of efficient floodplain
reworking by the laterally active, younger palaeochannel systems (Pietsch et
al., 2013).
Additionally, meandering palaeochannel remnants that are similar in
appearance to records described above, can be found on satellite imagery
along the Condamine, Dumaresq and Severn River in the northernmost part of
the MDB (Fig. 2-1). These channels have not been described in detail yet and a
dating campaign is needed to assess whether those channels were active at or
close to the LGM.
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2.3.2 The coastal catchments
In the partly confined valleys of the SE Australian coastal catchments, terrace
remnants of the Termeil and Tapitallee Creeks (Walker, 1962; Wray et al.,
2001), as well as floodplain deposits of the Cann and Thurra rivers (Brooks and
Brierley, 2002; Brooks et al., 2003) exhibit further evidence for competent river
systems with higher stream power and enhanced discharge regimes. In
particular, these records show accordance with the fluvial active periods of the
Riverine Plain but dating problems or a low number of samples complicate a
regional comparison for these catchments (Wray et al., 2001). Alluvial records
of the Bellinger and Nambucca catchment (Warner, 1972; Nanson et al., 2003;
Cohen and Nanson, 2008), together with the Shoalhaven River catchment
(Walker, 1962; Nott et al., 2002) as well as fan and floodplain deposits of the
Pages River in the Upper Hunter catchment (Fryirs and Brierley, 2010) correlate
with the ‘Gum Creek’ and ‘Yanco’ complexes.
Most of the investigated catchments along the SE coastline appear to conform
to a fluvially active period comprising the LGM. In contrast, on the Nepean and
Clyde River (Fig. 2-1), ‘Gum Creek’ and ‘Yanco’ aged deposits have not been
identified (Wray et al., 2001; Nanson et al., 2003; Cohen and Nanson, 2008). At
the Clyde River this was not assumed to be a signal of aggradational absence,
it was rather linked to processes of subsequent denudation that are supported
by the narrow valley setting (Wray et al., 2001).
In summary, at first a fairly homogenous picture can be drawn throughout
coastal and inland riverine settings. Abundant coarse sediment and water were
carried through many river channels with large meanders that had wetted
perimeters at bankfull stage much larger than present. This and high channel
migration rates suggest higher stream power regimes during the period of
channel activity (i.e. at the end of the Late Pleistocene). Upon closer
examination, however, potentially a more diverse pattern of fluvial activity
appears with regional variation or variations introduced by techniques (e.g.
dating, stratigraphic interpretation) used in the past. Distinct evidence of
reduced or highly seasonal flow periods occur in some, but not all surveyed
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catchments. These periods seem to correlate to the peak of the LGM but vary in
their precise occurrence.
2.4 Drivers for enhanced fluvial activity
Previous studies have stressed various scenarios to explain competent river
systems and, therefore, enhanced fluvial activity, including changes in
precipitation, evaporation, transpiration and strength of seasonality.
Early on, pluvial or sub-pluvial phases either side of the inferred dry LGM were
thought to have caused pronounced lacustrine and fluvial activity in SE
Australia (Wasson and Donnelly, 1991; Nanson et al., 1992). Pietsch et al.
(2013) attributed competent river systems of the Gwydir River in mid-MIS 3 and
after the LGM to increased precipitation stemming from a semi-permanent La
Niña situation, as suggested by Nanson et al. (2008). A stronger East Australian
Current was thought to carry warm water along the east coast, resulting in
increased temperature differences between the atmosphere and ocean and,
therefore, causing atmospheric instability that supplied SE Australian
catchments with the necessary precipitation.
For the Lachlan River, Kemp and Rhodes (2010) suggested that higher
precipitation and greater catchment efficiency, promoted by reduced
transpiration, initiated the competent Ulgutherie system. The absence of a post-
LGM system was speculated to be caused by a lack of snow melt induced
spring runoff, due to the deficiency of high altitude mountain ranges in the
catchment.
Catchments further to the south, such as the Murrumbidgee and Goulburn
rivers, are more directly connected to cold climate conditions influenced by the
highlands of the Australian Alps. Periglacial and glacial processes, in
conjunction with a sparse vegetation cover, were thought to have provided high
quantities of coarse sediment and the establishment of snowpacks during the
winter months were thought to have triggered extensive seasonal peak flow
regimes (Bowler, 1978b; Page, 1994). The lowering of the orographic snowline
from a modern, theoretical ~2,675 m AHD to ~1,975 m AHD during the LGM
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(Galloway, 1965) is suspected to have had a major influence on the quantity
and timing of these seasonal snowmelt conditions (Barrows et al., 2001).
Furthermore, Barrows et al. (2001) suggested that glacial advances correlate to
enhanced fluvial activity and phases of high lake levels in the eastern highlands
(Galloway, 1965; Coventry, 1976). However, lake level low stands in the interior
of the continent were explained by a weak connectivity to the upland regions
and were, therefore, thought to have been more sensitive to a general drying
trend (Bowler et al, 2012).
Seasonal peak flows have been assumed for both scenarios; increased
precipitation (Page et al., 1996) as well as decreased precipitation (Bowler,
1978b; Kemp and Rhodes, 2010). Reinfelds et al. (2014) recently investigated
the relationship between elevation and runoff coefficients in the Snowy
Mountains. By using a lapse-rate approach (following on from Galloway, 1965)
they suggest mean annual runoff depths four times greater than the modern
values could be generated from the Australian Alps during the LGM with a 9°C
reduction in temperature. They suggested that further catchment specific water
balance investigations are necessary to differentiate between competing
hypotheses of precipitation increases versus evapotranspiration reductions in
explaining the very large palaeochannels across the MDB.
A satisfactory and comprehensive explanation has not yet been found for the
issue of increased runoff during the LGM in SE Australia. The question as to
whether the absence of fluvial evidence at the LGM is indeed climate related or
simply a result of different dating techniques still remains. Varying accuracies
and precisions of the previously used techniques and/or the targeting of
different materials and events with varying dating techniques may have led to a
more diverse pattern of fluvial activity. The validation of some of the published
findings is crucial and forms a major aim of this thesis. The assessment of
previous chronologies of the Murrumbidgee and Goulburn rivers are presented




To reconstruct palaeohydrologic regimes for SE Australia at the LGM, suitable
landforms that preserve palaeoflow conditions are required. Importantly, distinct
and unambiguous features of fluvial landforms that quantify former channel
dimensions and planform characteristics are needed to allow robust estimation
of palaeodischarges. A large number of discrete channel remnants are found in
the depositional basins in the interior of the continent, especially in the MDB
that hosts several of Australia’s major rivers. In this study, previously dated
palaeochannel systems have been revisited and provide the basis for a re-
assessment of existing chronologies in addition to sites previously not examined
in the literature.
In this study, three river systems in the southern part of the MDB are
investigated (Fig. 2-3):
A Murrumbidgee River – Two distinct and spatially separate
palaeochannel systems thought to be active either side of the
LGM, suggesting a dry LGM, are investigated.
B Goulburn River – Two distinct and spatially separate
palaeochannel systems, that were thought to supersede each
other without a reduced flow period at the peak of the LGM,
suggesting a wet LGM, are studied.
C Murray River – The Murray River was thought to have had a
similar flow regime to the Goulburn River and palaeochannels
have previously been studied at the Cadell fault, where tectonic
influence and the confluence with the Goulburn River complicate a
reconstruction. For this study, more hydroclimatically sensitive
sites, outside of the influence of tectonic forces, at an upstream
reach were investigated.
Detailed descriptions of the palaeochannel systems and modern drainage
complexes are presented in subsequent chapters. This part of the chapter
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2.5.1 Physical setting
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separation, the passive continental margin of SE Australia emerged, along
which the low mountain ranges of the GDR rose and thereby formed a saucer-
shaped interior (Brown and Stephenson, 1991). The GDR is divided into two
fold belts (the Lachlan and New England fold belts; Fig. 2-4) of Palaeozoic
origin that are flanking the eleven sedimentary sub-basins of the MDB
(Kingham, 1998). The largest sub-basin, with 300,000 km2, is the Murray Basin
which accommodates, inter alia, the Murray, Murrumbidgee and Goulburn
rivers. Over the past ~60 Ma, the Murray Basin has experienced slow
subsidence along with low rates of terrestrial and marine sedimentation.
Maximum sediment thickness is reached in the Central-Western depocentre
with up to 600 m of shallow marine and fluvial sediments which get thinner to
less than 200 m towards the north, east and south (Fig. 2-5; Brown and
Stephenson, 1991). Three major depositional sequences are preserved in the
basin (Fig. 2-6), each comprising sets of genetically related formations. The
oldest sequence consists of thin beds of fluvial sands (Warina Sands) that were
deposited in the Central-Western and the Riverine Plain depocentres, topped by
sediments of the Olney Formation that were deposited in fluvio-lacustrine
environments during the Paleocene and Early Oligocene (Lawrence, 1975).
Marine deposits of the Buccleuch Formation are preserved in the west,
representing a brief mid-Eocene transgression in this part of the basin (Brown
and Stephenson, 1991).
The second sequence documents the continuation of Olney Formation deposits
in the eastern half of the basin while the west experienced a marine
transgression during the Early Oligocene until the mid-Miocene. Epicontinental
sea deposits such as marl and limestone formed the Murray group (Brown and
Stephenson, 1991). Sedimentation of fine-grained and calcareous deposits
occurred in marginal marine (Geera Clays) and lagoonal (Winnambool
Formation) environments (Lawrence, 1975). After the regression in the mid-
Miocene, marine deposits were overlain by sediments of the Geera Clays, the
Olney and Winnambool formations (Brown and Stephenson, 1991).
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Fig. 2-5 Sedimentary depocentres in the Murray Basin.
(1998), adapted from Brown and Stephenson (1991); Ray (1996).
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Separated by a disconformity from the second sequence, the third sequence
was deposited during the Late Miocene until the Pliocene. It was characterised
by a series of short-lived marine transgressions and regressions in the western
half of the basin, leaving deposition of clay and marl (Bockpurnong Formation),
while to the east, coarse-grained, fluvial and lacustrine sediments were
deposited (Calivil Formation; Brown 1983). Marginal marine sands (Loxton and
Parilla sands) overlay the Bockpurnong Formation, while the Calivil Formation is
overlain by the fluvial and fluvio-lacustrine sediments of the Shepparton
Formation (Lawrence and Abele, 1976). Tectonic uplift along the Western
margin of the basin in the Early Pleistocene, prevented further marine
transgressions and caused the damming of the Murray River resulting in the
formation of the extensive freshwater lake, Lake Bungunnia in the west
(Stephenson, 1986). Soon after the establishment of a permanent outlet, the
lake diminished and landforms such as dunes, palaeosols and playas, reflecting
landscape aridity, became common about 400,000 years ago (Zhisheng et al.,
1986). This area, called the Mallee region (Fig. 2-1), is at present characterised
by extensive dune fields, covered with dense vegetation. In the east of the
basin, sedimentation of the Shepparton Formation continued through the
Quaternary and shaped a 77,000 km2 wide alluvial region known as the
Riverine Plain (Fig. 2-1; sensu Butler, 1950). On the Riverine Plain,
synsedimentary subsidence of the depocentres (Fig. 2-5) and fault
displacement is affecting the sedimentation pattern of more recent fluvial
systems (e.g. Cadell fault; Brown, 1989).
The Riverine Plain is an important archive of late Quaternary environmental
conditions. Aerial photographs and satellite imagery reveal the fluvial imprint of
a complex, coalescing floodplain system of the Murray, Murrumbidgee and
Lachlan rivers (Brown and Stephenson, 1991). The present, dendritic drainage
Previous page Fig. 2-6 Schematic diagram of the Murray Basin Cenozoic stratigraphy. Presented by
Scheibner and Basden (1998), adapted from Brown and Stephenson (1991), Drexel and Preiss (1995),
Ray (1996) and Cameron (1997).
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pattern trends east to west and unites all tributaries with the major trunk stream
in the central-western part before the Murray River finds its path through the
Mallee region and turns southwards to drain into the Great Australian Bight (Fig.
2-1). A particularly low slope of 20 cm/km (Brown and Stephenson, 1991) hosts
meandering streams forming single thread channels and anabranching reaches
on the Riverine Plain with a mean altitude of about 100 m AHD. The sharp rise
of the GDR and its foothills flank the eastern and southern margins of the
Riverine Plain and reach high elevations of up to 2,228 m AHD at Mount
Kosciuszko in the Snowy Mountains (Fig. 2-1).
2.5.2 Climate
The MDB is influenced by three different climate classes. The eastern MDB is
classified as temperate without dry seasons, but warm summers along the
southern part of the GDR (after Köppen-Geiger: Cfb) and hot summers along
the northern GDR (Cfb). Wide areas of the interior of the MDB are dominated by
hot (Bsh) or cold (e.g. Riverine Plain; Bsk) arid steppe. Small regions of the
central-western part of the basin are classified as arid desert (Peel et al., 2007).
Precipitation – The regional climate is dominated by the interplay of the Inter-
Tropical Convergence Zone (ITCZ), subtropical high pressure systems and the
southern westerlies (Fig. 2-7). In winter, the ITCZ, driven by the northern
hemisphere summer insolation maxima, migrates north shifting the continental,
subtropical high pressure system equatorward (subtropical ridge; BoM, 2008).
This gives way for the advection of extra-tropical, water saturated air masses
through the southern westerly winds (BoM, 2010a). Precipitation occurs mainly
along cut-off lows and frontal systems over southern Australia (Pook et al.,
2006). Additionally, most frequently in the winter months, east coast low
pressure systems that are connected to passing cold fronts, low pressure
troughs and extremes in sea surface temperature gradients, bring precipitation
onshore (BoM, 2007a). Also, orographic precipitation is enforced through the
high altitudes along the Australian Alps (Fig. 2-1). In summer, the ITCZ reverses
towards the pole allowing the tropical systems to supply northeast Australia with
precipitation (BoM, 2010a). Tropical cyclones driven by the SE trade wind and
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meridional trough that advect tropical moisture southwards source the northern
MDB with rainfall (Wright, 1997). In addition, the penetration of strong cold
fronts from the south brings localised rainfall through thunderstorms into the
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The MDB, “Australia’s food basket”, is an important area for agricultural
production. About 45% of the basin, especially in the south, east and northeast,
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of the Australian Alps (Fig. 2-1) up the elevations of ~2,000 m AHD where the
treeline marks the boundary to alpine, herbaceous grasslands (Singh and
Geissler, 1985). Sclerophyll forest on the slopes and at the foothills of the
highlands prograde into savannah woodlands and almost treeless grasslands
further to the west (e.g. Mallee region). Whereas saltbush shrub steppe can be
found in the western part of the basin (Butler, 1950).
The riparian flora is dominated by River Red Gum (Eucalyptus camaldulensis).
Open woodlands of this species, commonly with a dense, continuous ground or
herbaceous layer, are wide-spread in areas with high groundwater tables or
where periodic flooding occurs (Rowe, 2002). Less frequently inundated areas
along rivers and creeks are regularly associated with open woodlands or
clumps of single Black Box tree (Eucalyptus largiflorens) communities while
native Cypress Pines (Callitris columellaris) can be found on the well-drained
sandy stands of palaeochannel levees and source-bordering dunes (Rowe,
2002).
The distribution and composition of the local flora have been drastically altered
over the past 200 years after European settlement in the SE corner of Australia.
Clearing to develop areas for grazing and cropping as well as the
modification/regulation of hydrologic regimes (discharge volumes, flood
frequency, and as a result, groundwater levels) have led to considerable
decimation of the tree population and the displacement of saltbush taxa (Rowe,
2002).
2.5.4 Hydrology and river regulation
The 1.1 million km2 wide MDB is a drainage division that comprises a total of 22
catchments (MDBA, 2016). It is drained by the two principle rivers, the Murray
and the Darling, and their various tributaries (Fig. 2-1) with channels of mainly
anabranching, distributary and meandering character (Thoms et al., 2007). Flow
regimes are highly variable, especially in the summer rain dominated
catchments in the north (Fig. 2-8A), and characterised by infrequent flood
events under natural conditions (in absence of flow regulation and consumption;
CSIRO, 2008). The basin is regarded as an inefficient hydrologic system as
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only 14% of the basin contributes to runoff; on average ~6% of the precipitation
is converted to runoff and under natural conditions only ~52% (12,233 GL/y;
388 m3/s) of available surface water reaches the River Murray mouth (CSIRO,
2008). Considering flow regulation and the extraction of water for domestic,
industrial and agricultural use, the output at the mouth is further reduced to
~39% (CSIRO, 2008).
While just a small proportion of the basin is urbanised (0.3%) with a population
of ~2 million, the anthropogenic impact is still profound. Over 95% of the lengths
of the rivers are modified by river management applications (Thoms et al.,
2007). The installation of dams has mainly been implemented between 1950
and 1990 and created long-term water storage capacities that equal three times
the natural annual flow at the mouth (CSIRO, 2008). Water storage and
consumption have altered flow regimes drastically. For example, flood peaks of
the Murrumbidgee River were reduced by 16 to 61% (Frazier et al., 2005) while
their duration and frequency was halved (Page et al., 2005). Especially
upstream of major irrigation areas, mean flows have increased with a seasonal
redistribution (compensating for summer low flows; Frazier et al., 2005).
However, downstream of the major irrigation areas mean flows increased by 8
to 46% throughout the year (Frazier et al., 2005). The alteration of flood regimes
has been found to have particularly negative impacts onto wetland ecosystems
all over the basin, such as wetlands on the lower Murrumbidgee River (e.g.
Kingsford, 2000; Leblanc et al., 2012)
Additionally, clearing of native vegetation for agricultural and urban
development caused rising groundwater tables, waterlogging and secondary
salinization since the early 1800s (e.g. Pierce et al., 1993; Leblanc et al., 2012).
Natural vegetation can only be found in 55% of the basin and ~45% of the basin
is modified for agricultural land use (data from NVIS, 2016). The MDB is an
important region for Australian agricultural production with a contribution of 40%
to the total national production (CSIRO, 2008). About 60% of all irrigation water
in the country is used in the MDB and the basin’s rainfall is not enough to
accommodate for the demand. Hence, intra-basin transfer of water has and is
implemented through the Snowy Mountains Hydro-Electric Scheme. Therefore,
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discharge of the Snowy River that drains the Australian Alps to the east and
flows into the Tasman Sea is diverted and adds 1,010 GL/y (32 m3/s) to the
Murrumbidgee and Murray River flows (Snowy Hydro Limited, 2016a).
2.6 Summary
In summary, the MDB is an economically important region in SE Australia with
preserved important palaeoenvironmental archives, especially on the alluvial
plains. During the end of the Late Pleistocene, these archives point towards a
cold and sparsely vegetated region subject to dust entrainment. However,
findings about the palaeohydrological conditions are ambiguous; while some
fluvial archives were thought to indicate aridity at the peak of the LGM, others
were thought to be characterised by enhanced fluvial activity. In the following
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The Riverine Plain in southeastern Australia contains a myriad of
palaeochannels that are associated with higher discharge volumes stemming
from changes in runoff volume and sediment supply. These channel remnants
represent important terrestrial archives and provide valuable evidence about
past hydrological conditions. Previous findings have suggested optima in fluvial
activity both before and after the peak of the Last Glacial Maximum (LGM;
21 ± 3 ka), or alternatively enhanced fluvial activity throughout the LGM. In this
study, we revisit palaeochannel remnants of the Gum Creek and Yanco
palaeochannel systems along the Murrumbidgee River, which drains the high
altitudes of the Australian Alps in southeastern Australia. We demonstrate the
potential of single-grain optically stimulated luminescence (OSL) dating of fluvial
and aeolian sediments, address the potential impact of partial bleaching on OSL
ages, and compare the OSL ages to new and previously published
thermoluminescence (TL) ages. We propose a new chronology based on 16
samples from the Gum Creek and Yanco palaeochannel systems of the
Murrumbidgee River and assign periods of enhanced fluvial activity to between
~37 and 32 ka, termed the Tombullen phase, and to between 25 and 19 ka for
the Yanco phase. Importantly, we infer that conditions of increased sediment




The Riverine Plain of southeastern Australia (Fig. 3-1A) and its myriad of
palaeochannels have been investigated since the mid-20th century (e.g. Butler,
1958; Langford-Smith, 1959; Pels, 1964b; Schumm, 1968). This vast alluvial
plain (77,000 km2 in area) forms part of the Murray-Darling Basin (MDB; Brown
and Stephenson, 1991) and contains important terrestrial archives that provide
valuable evidence about past hydrological conditions (e.g. Langford-Smith,
1959; Butler, 1960; Pels, 1964b, Schumm, 1968). Palaeochannels of major
rivers, such as the Murrumbidgee, Lachlan and Goulburn rivers (Fig. 3-1B) are
characterised by much larger channels, larger meander wavelengths and
coarser bed material than observed at present (e.g. Bowler, 1978b; Page and
Nanson, 1996; Kemp and Rhodes, 2010). Such morphological and
sedimentological differences between former and modern river systems are
used as indicators of change to the hydrological and sediment regime, reflective
of higher discharge due to changes in runoff volume, flood-frequency and
sediment supply (e.g. Harvey, 1969; Dury, 1976; Hickin, 1977; Williams, 1984;
Bishop and Godley, 1994).
Previous studies of palaeochannel deposits along the Murrumbidgee River have
suggested that more competent river systems (Gum Creek and Yanco systems;
Fig. 3-1C) were active before and after the global LGM (21 ± 3 ka; Mix et al.,
2001), and that the peak of the LGM was represented by “a brief period of
aridity and reduced fluvial activity” (Page et al., 1996). Equivalent
palaeochannel remnants of the Lachlan and Goulburn rivers (other tributaries
within the MDB; Fig. 3-1B) were interpreted to have been shaped by discharge
regimes that were active both before and throughout the LGM (Bowler, 1978b;
Kemp and Rhodes, 2010). An absence of fluvial activity at the peak of the LGM
was not reported for these sub-catchments, however, a reduced discharge has
been suggested for the Lachlan River by Kemp and Rhodes (2010).
Pollen records suggest drier conditions during the LGM due to the absence of
rainforest taxa along the Great Dividing Range and its foothills (e.g. Singh and
Geissler, 1985; Dodson and Wright, 1989; Williams et al., 2006), whereas
Chapter 3
- 34 -
evidence at lakes Kanyapella, George, Mungo and Menindee (Fig. 3-1B) have
led to ambiguous interpretations of palaeohydrological conditions for
southeastern Australia from high to highly fluctuating lake levels (e.g. Galloway,
1965; Coventry, 1976; Hope, 1983; Bowler, 2003). These conflicting findings of
enhanced aridity versus lake-full conditions during the LGM represent a
longstanding conundrum in our understanding of palaeohydrological conditions





Fig. 3-1 Overview of the Murrumbidgee River study area. A: Map of Australia showing the location of
the Riverine Plain and the Murray-Darling Basin (MDB). B: Major rivers of the Riverine Plain, river
catchment area of the Murrumbidgee River and lakes as mentioned in the text (1: Menindee Lakes; 2:
Lake Mungo; 3: Lake Kanyapella; 4: Lake George). C: Sample locations at the modern Murrumbidgee
River and its two palaeochannel systems (Gum Creek and Yanco palaeochannel systems).
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2013). This may be the result of different dating techniques being applied (e.g.
radiocarbon, multi-grain TL, OSL), resulting in chronologies with varying
accuracy and precision, or could be the result of what palaeoenvironmental
proxies have been used to infer past water balance.
While understanding the past water balance is crucial for the reconstruction of
palaeoenvironments of a given region, it is also important to identify the
presence or absence of regional arid and humid phases at a broader
hemispheric scale. For example, changes in Southern Hemisphere atmospheric
circulation have commonly been linked to local palaeohydrological conditions
(Shulmeister et al., 2004; Zhu et al., 2014). The intensification or displacement
of major circulation belts like the Southern Westerly Winds have been directly
linked to precipitation records derived from glacial and lacustrine records
(Moreno et al., 1999; Kaplan et al., 2004; McCulloch et al., 2005). Using
unambiguous records of palaeorunoff from westerly-derived snow provides
such an opportunity and is especially important for periods such as the LGM,
which is considered to represent the last substantial period of climatic change
during the late Quaternary (Braconnot et al., 2012).
The aim of this study is therefore to evaluate the chronology of large
palaeochannels using single-grain OSL dating. We revisit and date key sites of
the Gum Creek and Yanco palaeochannel systems along the Murrumbidgee
River using single-grain OSL dating of sedimentary quartz grains extracted from
both fluvial and aeolian deposits. We also conduct TL dating on a subset of
samples for direct comparison with the new single-grain OSL ages and with
previous TL ages obtained for the same palaeochannel systems, presented in
Page et al. (1996). This comparison is critical, because it allows direct
comparison of the two dating techniques and an assessment of the existing
interpretations for the development of these palaeochannel systems based on
chronologies that are almost entirely based on TL dating. We finally provide a
revised chronology for the late Pleistocene Gum Creek and Yanco




3.2 Geological setting and study area
The Murrumbidgee River is a tributary of Australia’s longest river system, the
Murray-Darling, and originates in the temperate regions of the Great Dividing
Range with its headwaters at elevations of up to 2,228 m above sea level (AHD)
(Fig. 3-1B). It flows west onto the Riverine Plain, where it is characterised by a
series of anabranches and its major distributary, Yanco Creek (Fig. 3-1C). At its
confluence with the Murray River, the ~1,600 km long Murrumbidgee River
drains a total area of 84,000 km2 (Green et al., 2011) with considerable areas
(>6,000 km2) at elevations above 1,000 m AHD (GA, 2011).
The large palaeochannels and billabongs of the Murrumbidgee River, which are
best preserved on the plain, are easily distinguishable from the smaller modern
drainage system. The Riverine Plain is a 77,000 km2 wide, low gradient, area
with mean elevations of ~100 m AHD. The region is resting on a ~400 m-thick
depocentre of marine and terrestrial Cenozoic sediments (Brown and
Stephenson, 1991) and its surface is characterised by ephemeral lakes, source-
bordering dunes and an extensive network of coalescing floodplains and
palaeochannels.
Two palaeochannel systems of the Murrumbidgee River – the Gum Creek and
Yanco systems – have been identified and dated previously by Page et al.
(1996). Based on the early TL chronology, the palaeochannels of the Gum
Creek system were thought to have been active between 35–25 ka ago (Page
et al., 1996) and are preserved as a series of wide channel remnants of lateral
migrating character in close proximity to the modern river. Former bankfull
discharge capacities were estimated to exceed the present by four times (Page
and Nanson, 1996). The Yanco system branches away from the modern river
course downstream of Narrandera (Fig. 3-1C) and is characterised by even
wider channels (4.5 times the discharge capacity of the modern channel; Page
and Nanson, 1996), as well as distinct scroll bar patterns and source-bordering
dunes, especially in the downstream reaches. Previously obtained TL ages from
the Yanco palaeochannels indicated a phase of enhanced fluvial activity
between 20–13 ka ago (Page et al., 1996) and a more recent study extended
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this phase until ~9 ka ago, based on one additional multi-grain OSL age
(Banerjee et al., 2002).
3.3 Methods
3.3.1 Sampling for luminescence dating
In this study, we collected 33 samples from the Gum Creek and Yanco
palaeochannel systems, their source-bordering dunes and the modern channel.
Five sites between Narrandera and Hay (four within the Tombullen reach; Fig.
3-1C) were chosen for assessment of the Gum Creek system, and four sites
between Morundah and Moulamein for analysis of the Yanco system (Fig.
3-1C). A brief description of sampling sites is provided in the Supporting
Information and a more detailed presentation of geomorphological and
stratigraphic context can be found in Chapter 4. At seven locations (YA1-1,
YA4-1, GC1-1, GC2-1, GC3-1, GC4-1, GC5-1), drill cores were collected from
palaeochannel depressions, with the former bed-load material (channel
aggradation sediment) being readily identifiable and sampled for dating (Fig.
3-2).
The bed-load deposits were targeted for dating as they represent the last time-
interval of channel activity. The dating of the channel fill to define the ceasing of
fluvial activity was not possible due to the lack of sand sized grains for OSL
dating and the lack of organic matter for radiocarbon dating. At one site of each
palaeochannel system (YA4 and GC2), further samples were collected from
cores drilled along a transect from the palaeochannel apex through several
palaeo-scroll bars. Additional samples from pits or cut banks of the modern river
were also collected from sites with laterally accreted deposits (YA2, YA3, GC6).
Two lunettes in proximity to the channel remnants of the Gum Creek system
(GC2-5, GC5-3), and a source-bordering dune of the Yanco system (YA4-2)
were also targeted. Two modern analogues were collected, one from the active
bed-load material (MM1-1) and one from a point bar (MM2-1) of the
Murrumbidgee River. Whilst the sediments of the contemporary system are not
necessarily representative of past conditions, they provide a modern baseline
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for the bleaching characteristics of the modern Murrumbidgee River system.
This aids in our assessment of partial bleaching of quartz grains. These need
particular attention especially in fluvial systems, since turbid flows with a high
suspended load may not allow for bed-load sediment to be sufficiently exposed
to sunlight.
In Table 3-1, the samples are grouped according to the palaeochannel system
from which they were collected and then ordered by site location (Fig. 3-1C).
Samples from one core share the same location code; an example of a core
from which two samples were collected is shown in Fig. 3-2. Table 3-1 provides
a summary of the location and depositional environment represented by each
sample; full details for each sample are provided in Supporting Information.
Fig. 3-2 Core log for an in-channel site (GC5-1). Showing the location of two samples (UoW1314 and
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Luminescence dating provides a direct means of determining burial ages for
sediments (Aitken, 1985, 1998; Huntley et al., 1985; Lian and Roberts, 2006;
Duller, 2004; Wintle, 2014). These methods are based on the time-dependent
increase in the number of trapped electrons induced in mineral grains (such as
quartz) by low levels of ionising radiation from the decay of natural uranium,
thorium and potassium in the surrounding deposits, and from cosmic rays. The
time elapsed since the light-sensitive electron traps were emptied can be
determined from measurements of the OSL or TL signals – from which the
equivalent dose (De) is estimated – together with determinations of the
radioactivity of the sample and the material surrounding it to a distance of
~30 cm (the environmental dose rate). The burial age of sediments that were
well-bleached at the time of deposition can then be calculated by dividing the
estimated De divided by the estimated environmental dose rate.
Under some conditions, sediments may not have been sufficiently exposed to
sunlight before burial to empty all light-sensitive electron traps, leading to a
phenomenon called incomplete or partial bleaching. The OSL ‘clock’ is reset by
just a few seconds of exposure to sunlight, whereas the TL ‘clock’ still retains
more than 80% of its signal after 20 hrs of sunlight exposure (Godfrey-Smith et
al., 1988). Fluvial sediments are particularly prone to partial resetting of the
luminescence signal, especially when transported under water before
deposition (e.g. Rhodes and Pownall, 1994; Murray et al., 1995; Olley et al,
1998; Kale et al., 2000; Rittenour, 2008). Water is effective at cutting off
ultraviolet and blue wavelengths (i.e. those most efficient at bleaching; Berger
1990) and suspended sediment loads can also hamper the light penetration of
the waterbody (Berger and Luternauer, 1987). Not all fluvially deposited
sediments, however, have partially bleached TL or OSL signals (e.g. Thomas et
al., 2005; Rittenour et al., 2005; Rodnight et al., 2005) and measurement,
analytical and statistical procedures are in place to directly assess the presence
or absence of partial bleaching in a sample (e.g. Aitken, 1985; Galbraith et al.,
1999; Olley et al., 1999, 2004; Rodnight et al., 2005; Duller, 2008). Together
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with an understanding of sample context, accurate OSL and TL ages can be
obtained for fluvial samples (e.g. Rittenour, 2008).
Samples were primarily collected from cores obtained by a sonic drill rig, a
percussion corer or from tubes hammered into outcrops, with the two modern
samples collected in tubes from the mobile bed or the unconsolidated point bar.
The samples were assigned to one of five sample sets according to the
palaeochannel system from which they were collected (Table 3-1) and a full
description of sample collection, preparation and measurement equipment and
methods are provided in the Supporting Information.
De values for OSL dating were estimated for individual ~200 µm-diameter grains
of quartz, using standard Risø single-grain aluminium discs (Bøtter-Jensen et
al., 2000) and a single-aliquot regenerative-dose procedure (SAR; Murray and
Wintle, 2000). Between one and two thousand grains were measured for each
of the 33 samples (Table 3-1), and standard rejection criteria (e.g. Jacobs et al.,
2006) were applied to eliminate aberrant grains from final De determinations.
Together with information about the intrinsic behaviour of grains and
understanding of the sedimentary context, the single grain De distributions can
then be assessed based on their shape and degree of scatter for pre-
depositional bleaching and post-depositional disturbances as well as the effect
of other factors, such as beta micro-dosimetry. A full description of the OSL
measurement and analytical procedures, including dose recovery and preheat
plateau tests (Table S3-1, Fig. S3-1 and S3-2) are also provided in Supporting
Information.
De values for TL dating were estimated from multi-grain aliquots of purified
quartz grains (each ~100 µm-diameter) that were loaded onto aluminium discs
as a monolayer, where each aliquot contained between ~5,000 and 9,000
grains. De values were estimated using a combined regenerative and additive-
dose protocol following Shepherd and Price (1990) and Nanson et al. (1991).
For the regenerative-dose procedure, sample material was bleached under an
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































The effective dose rate for the analysed quartz grains is derived from gamma
rays, beta particles, internal alpha particles and cosmic rays. Dose rates were
measured independently for OSL and TL dating in the respective laboratories,
using two separate subsamples of the same homogenised sample material.
Details regarding the different methods and measurements are provided in
Supporting Information. The same long-term water content estimates were used
for both OSL and TL dating to correct the beta, gamma and cosmic-ray dose
rates. We used the current measured field water contents, which range between
~2% and 30% (Table 3-2), except for those samples collected from excavated
pits and bank exposures (Table 3-1). For these samples, we used the average
field value calculated from core-samples of the same sample set (Table 2). A
relative uncertainty of ±25% (1σ) was assigned to each estimate of water 
content for OSL samples and an absolute error of ±3% (1σ) for TL samples. For 
the modern bed-load sediments (UoW1295) we have estimated the saturated
water content in the laboratory by filling pore volume to a maximum.
3.4 Results
3.4.1 Single-grain OSL chronology
A total of 3,827 grains or between 2% and 20% of grains per sample were
accepted for final De determination and Table S3-2 provides details and
reasons why grains were rejected for all samples. Further information about the
characteristics of rejected grains are also provided in the Supporting Information
(Fig. S3-3). A typical OSL decay and dose response curve for an accepted
grain is shown in Fig. 3-3 and for representative examples from each sample
set in Fig. S3-4. Table 3-2 contains information about the number of grains used
for De determination, the De overdispersion (OD) values and the modelled De
estimates used to calculate OSL ages.
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Samples sets 1 and 3 represent modern or near-modern fluvial (sample set 1)
and aeolian (sample set 3) samples. Their De values are shown as unlogged
values on the radial plots in Fig. 3-4A, B and D and in Fig. S3-5 and S3-7. All
three samples show similar patterns and ranges in De values; 1–5.3 Gy
(UoW1295), 2.9–6.9 Gy (UoW1313) and 1.4–6.4 Gy (UOW1550). Only a small
proportion of grains are not statistically consistent with 0 Gy, and retain a small
residual dose. Their weighted mean De values of 0.19 ± 0.03 Gy (UoW1295),
0.45 ± 0.07 Gy (UoW1313) and 0.03 ± 0.07 Gy (UoW1550), calculated using
the unlogged CAM, suggest that partial bleaching in both the modern fluvial and
aeolian samples are of little concern. There is a small number of De values
(3.3% of accepted De values for UoW1295, 5.7% for UoW1313 and 2.1% for
UoW1550) that range between ~2 and 6 Gy in the modern samples and this
range falls within the 2σ range of the weighted mean De of any of the
Pleistocene samples measured in this study. The De distributions for the
modern analogues do not show evidence of partial bleaching, but it must be
kept in mind that modern conditions do not necessarily represent past
conditions.
Sample sets 2 and 4 make up most samples in this study and represent the
fluvial deposits associated with the two palaeochannel systems. Two types of
De distributions were observed for these samples. The first type (for 26 of the 29
samples) shows no distinct De distribution patterns (Fig. S3-6 and S3-8) and is
consistent with what is expected of samples that were fully bleached prior to
deposition and remained undisturbed thereafter (e.g. Roberts et al., 2015).
Overdispersion values range between 24 ± 3% and 38 ± 3% (sample set 2) and
between 23 ± 2% and 43 ± 4% (sample set 4); there is a single sample
(UoW1553) that gave a much higher OD value of 51 ± 4%. The same range in
OD values and pattern in De distributions were also observed for the Gum
Creek system aeolian samples, which are thought to have been sufficiently
bleached in a bright setting like Australia (Fig. 3-4F and S 3-9: sample set 5).
Based on the similarities of the shape of the De distributions, when plotted as
radial plots, and OD values of aeolian and fluvial samples, together with the lack
of evidence for partial bleaching in the modern sediments and an understanding
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of the sedimentological context of the samples, the CAM was used for all
samples of the first type to calculate the final De value for age determination.
A second type of De distribution was found for samples UoW1554 (Fig. S3-6:
sample set 2), and UoW1308, UoW1483 and UoW1486 (Fig. S3-8: sample set
4). A large proportion of grains (47–78%) in each of these samples were either
saturated or showed Class 3-grain behaviour (Table S3-2). Example decay and
dose response curves for two such grains from sample UoW1486 are shown in
Fig. S3-3. The De distributions for samples UoW1483 and UoW1486 can best
be interpreted as being truncated and only a minimum De value can be
calculated with asymmetrical errors that are infinite in one direction. Minimum
De values are based on the minimum age model (MAM; Galbraith et al., 1999)
and De values of the accepted grains are shown in their respective radial plots
in Fig. S3-6 and S3-8. For samples UoW1555, UoW1554 and UoW1308 it
appears that younger grains may represent intrusive grains, so the final De
values were calculated using the CAM. The OD values of the CAM are
presented as “larger than” estimates for UoW1554 and UoW1308 to indicate
that these De distributions are truncated at the older end of the range. An
exception is UoW1555 and reasons are given below (3.4.1.3).
3.4.1.2 Environmental dose rate calculations for OSL samples
The environmental dose rate results are provided in Table 3-2. For samples
from the Yanco system (sample sets 2 and 3) the total dose rates range
between 1.25 ± 0.05 (UoW1523) and 2.91 ± 0.14 Gy/ka (UoW1591). A similar
range was obtained for the samples from the Gum Creek system (sample sets 4
and 5), with total dose rates of between 0.98 ± 0.04 (UoW1523) and
3.05 ± 0.11 Gy/ka (UoW1310).
Special attention was given to samples UoW1523 and UoW1551 as they exhibit
significantly lower gamma dose rate values compared to other samples of the
same sample set (sample set 2). Additional inductively coupled plasma-mass
spectrometry (ICP-MS) measurements were obtained for comparison, and
measurement results are statistically consistent at 1σ between both methods. 
Gamma dose rate ratios (TSAC+GM-25-5 beta counting/ICP-MS) are
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1.06 ± 0.08 (UoW1523) and 1.00 ± 0.07 (UoW1551), and beta dose rate ratios
(GM-25-5 beta counting/ICP-MS) are 1.07 ± 0.07 (UoW1523) and 1.04 ± 0.08
(UoW1551).
3.4.1.3 Single-grain OSL ages
The final single-grain OSL ages are listed in Table 3-2, together with the
supporting De and dose rate estimates. Uncertainties on the ages are given at
1σ (standard error on the mean) and were derived by adding, in quadrature, all 
known and estimated sources of systematic and random errors. For the sample
De value, the random error was obtained from the CAM (or 3-parameter MAM
(σb = 15), for UoW1483 and UoW1486). A systematic error of 2% was included
for any possible bias associated with calibration of the laboratory beta-source.
The total uncertainty on the dose rate was obtained as the quadratic sum of all
random errors and systematic errors associated with beta, gamma and cosmic
rays.
Finite age estimates were obtained for all, but one, of the samples collected
from the Yanco system (sample set 2 and 4: Table 2). The former bed-load
sediment samples collected at two sites (YA1 and YA4; Fig. 3-1C) show
consistency in age, ranging between 20.0 ± 1.2 (UoW1521) and 23.3 ± 1.4 ka
(UoW1522). One sample (UoW1323) gave a significantly older age of
32.4 ± 1.7 ka. Scroll bar sediments, at site YA4 (Fig. 1C) gave a much wider
range of ages between 14.3 ± 1.0 (UoW1553) and 30.1 ± 1.7 ka (UoW1551),
and a significantly older minimum age of >67.1 ka (UoW1554). Two samples,
collected from laterally accreted deposits of the palaeochannel belt, gave similar
ages of 25.0 ± 1.8 (UoW1488) and 24.4 ± 1.6 ka (UoW1487). A sample
collected from a source-bordering dune (UoW1550; site YA4; Fig. 3-1C), that
sits directly on top of a scroll bar, returned an age that is consistent with it being
recently deposited.
For the Gum Creek system, finite age estimates were obtained for all, but three,
of the samples (Table 3-2). Finite ages of former bed-load sediment samples
that were collected across four sites (GC1, GC3 to 5; Fig. 3-1C), range
consistently from 31.9 ± 1.7 (UoW1314) to 36.7 ± 2.1 ka (UoW1306). A
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minimum age of >32.3 ka was obtained for one sample (GC2-1; UoW1483).
These ages are uniformly older than similar deposits of the Yanco system.
Scroll bar samples, collected along a transect (GC2; Fig. 3-1C), gave ages that
range from 26.3 ± 1.3 (UoW1309) to 60.6 ± 4.4 ka (UoW1485) and show an
increase in age with distance from the channel. A finite age of 34.6 ± 2.1 ka was
calculated for UoW1555. The De distribution of this sample was truncated to
some extent, therefore, this age might underestimate the depositional age of
this scroll bar. A finite age of 36.6 ± 2.1 ka, however, was obtained for a sample
from the same core (UoW1484) that was collected ~6 m below UoW1555.
One sample (UoW1308) collected from a floodplain deposit (site GC5) gave a
minimum age of >40.5 ka and another sample (UoW1307) from a laterally
accreted deposit at the downstream site (GC6) yielded a finite age of
44.2 ± 2.3 ka.
The two samples taken from aeolian deposits at sites GC2 and GC5 (Fig. 3-1C)
gave consistent ages of 30.2 ± 1.7 ka (UoW1556) and 31.1 ± 1.6 ka
(UoW1557).
3.4.2 TL chronology
Glow curves, dose response curves and temperature plateaus are shown for a
representative sample from each of the analysed sample sets in Fig. 3-5. The
growth curves for all three representative samples show an increase with an
increase in given dose (Fig. 3-5A). For each sample a temperature plateau was
obtained between at least 300 and 450°C (Fig. 3-5C), suggesting that both the
325°C and 375°C TL traps were emptied prior to deposition. This is consistent
with observations from the OSL De distributions that showed negligible evidence
for partial bleaching of the OSL signal (associated with the 325°C TL trap). The
De values for each of the samples are provided in Table 3-3.
The environmental dose rate results for the TL samples are provided in Table
3-3. For samples from the Yanco system (sample set 2) the total dose rates
range between 1.58 ± 0.05 (W4886) and 2.09 ± 0.05 Gy/ka (W4885). A similar
Chapter 3
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Fig. 3-5 TL dose response curves (A), glow curves (B) and temperature plateaus (C) of one












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































range, but slightly higher values, was obtained for the samples from the Gum
Creek system (sample sets 4 and 5), with total dose rates of between
1.81 ± 0.05 (W4852) and 2.87 ± 0.06 Gy/ka (W4813).
TL ages for samples from fluvial deposits of the Yanco system (sample set 2)
range between 20.4 ± 1.6 (W4883) and 32.2 ± 3.1 ka (W4885). Four samples
from fluvial deposits of the Gum Creek system (sample set 4) gave TL ages
between 38.7 ± 2.7 (W4851) and 68.0 ± 5.3 ka (W4852). For one sample
(W4853) an infinite TL age of >89.4 ka was obtained. The two samples from
aeolian deposits associated with the Gum Creek system gave TL ages of
23.0 ± 1.6 (W4813) and 30.0 ± 2.7 ka (W4812).
3.5 Discussion
3.5.1 Single-grain OSL and TL age comparisons
Fig. 3-6 shows a comparison of the TL and single-grain OSL ages obtained in
this study. Only half of the samples that were measured using both techniques
are consistent at 2σ. Three of the four fluvial samples measured from the Yanco 
system (sample set 2) have TL and OSL ages that are statistically consistent at
2σ (ratios range between 0.99 ± 0.10 and 1.17 ± 0.13), and one age 
(UoW1522) is inconsistent (ratio of 1.38 ± 0.16) with a much older TL age. Only
one (UoW1390) of the five fluvial samples measured from the Gum Greek
system (sample set 4) has a TL and OSL age statistically consistent at 2σ (ratio 
of 1.17 ± 0.12); all other TL ages are between 54% and 73% older than their
corresponding OSL ages, and a single sample (UoW1483) gave a greater than
age using both methods. Only one (UoW1557) of the two aeolian samples from
the Gum Creek system gave consistent TL and OSL ages; the TL age for
sample UoW1556 is significantly younger than the OSL age (ratio of
0.76 ± 0.07).
For fluvial samples with inconsistent OSL and TL ages, the TL ages are always
older. Typical natural TL glow curves and preheat plateaus are shown in Fig.
3-5 where it can be seen that the preheat plateaus extend from 280–500°C.
This encompasses three main TL peaks (280°C, 325°C and 375°C) and, as
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these peaks have different sensitivities to bleaching, the existence of a plateau
indicates that the samples were well bleached prior to burial (e.g. Aitken, 1985;
Franklin et al., 1995). We, therefore, infer that even the so-called hard-to-bleach
signal (e.g. 375°C TL peak) is effectively zeroed in the depositional
environments associated with these samples and palaeochannel systems.
A direct comparison of TL and single-grain OSL De values and total dose rates
is not straightforward. Different grain sizes and HF acid etching procedures are
used for the two techniques. Radionuclide (U, Th and K) concentrations can,
however, be compared as these were independently obtained. Fig. 3-7A shows
a comparison between the combined U and Th concentrations in Bq/kg
obtained using different thick source alpha counters (TSAC) and measurement
procedures in the two different laboratories (see Supporting Information). The
ratios of the values obtained in the two laboratories (TL/OSL) are consistent at
1σ with unity (1:1 line) for 7 of the 10 sample and ratios range between 
0.97 ± 0.15 (UoW1488) and 1.16 ± 0.18 (UoW1520); samples UoW1314
(1.27 ± 0.19), UOW1556 (1.75 ± 0.29) and UOW1557 (1.30 ± 0.21) are not
statistically consistent. For sample UoW1314 this may be due to the much
smaller errors assigned to the combined concentrations obtained in the TL
laboratory (relative error of ~3% compared to ~7% for OSL), but the other two
samples, both aeolian, from sample set 5 have significantly higher U and Th
values. Fig. 3-7B shows a comparison between the K concentrations derived
using Atomic Emission Spectroscopy (AES: TL study) and a combination of
TSAC and GM-25-5 beta counting (OSL study). None of the K concentrations
are consistent with unity; the AES-derived K concentrations are systematically
smaller (by ~24%), compared to the K concentrations derived in the OSL study.
Note that all samples, including samples that showed good agreement between
TL and OSL ages, have discrepant K values. If the K derived from TSAC and
GM-25-5 beta counting are used for calculation of TL ages, those ages that
previously were consistent at 2σ remain consistent and show even better 
agreement. But these discrepancies in %K on their own still do not explain the
difference between OSL and TL ages for those five samples that were
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Fig. 3-7 Comparison of A: U+Th (Bq/kg) and B: K (%) from measurements obtained in the OSL and
TL laboratories with 1σ error bars. 
Fig. 3-6 Comparison of finite, single-grain OSL and multi-grain TL ages with 1σ error bars. 
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Detailed comparisons for K values using a range of different techniques have
recently been conducted in the OSL dating laboratory (Jacobs and Roberts,
2015) where it was shown that good agreement are obtained between K
concentrations derived using a range of different techniques, including the
combination of TSAC and GM-25-5 beta counting used in this OSL dating
study. We have verified the K values for samples in this study with XRF, an
independent measurement technique, and obtained an average ratio of
0.99 ± 0.05 for K concentrations of the OSL study (derived from TSAC and GM-
25-5 beta) while the TL study yielded an average ratio of 0.78 ± 0.04 (Table
S3-3). We, therefore, have confidence in the K values used in the OSL
chronology. The full reasons for the discrepancies between TL and single-grain
OSL ages remain unresolved and it appears that there is not one single reason.
In conclusion, the assessment of single grains within the OSL study opposed to
multi-grain aliquots (TL study) allows for the investigation of partial bleaching,
grain intrusion and within and between grain variability. This adds information to
the OSL dataset that is masked in the TL age signature and enables the choice
of a sample-appropriate age model. Furthermore, we have shown that the
environmental dose rates obtained in the OSL study could be reproduced using
different methods, providing further confidence in the OSL results.
Consequently, we base the revised chronology on the new and systematically
obtained larger single-grain OSL dataset.
3.5.2 Revised chronology
The new single-grain OSL chronology provides an opportunity to re-evaluate
the phases of fluvial activity on the Riverine Plain (Fig. 3-8). For the Gum Creek
system, we refer to the period of enhanced fluvial activity as the Tombullen
phase. This allows us to distinguish between ages obtained from the Tombullen
reach (Fig. 3-1C) and ages from other reaches of the same palaeochannel
system. Single-grain OSL ages for the Tombullen phase range between
36.7 ± 2.1 ka and 31.9 ± 1.7 ka (Table 3-2) and are based on the 8 samples
collected from in-channel bed-load units (Table 3-1).
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At site GC2 (Fig. 3-1C), finite ages for in-channel samples could not be
estimated and a direct relationship with the channel in its preserved shape, and
the association with the Tombullen phase is still uncertain. Adjacent scroll bar
sediments (GC2-2 and GC2-3; Table 3-1 and 3-2) yielded ages of 34.6 ± 2.1,
36.6 ± 2.1, 27.5 ± 1.3 and 26.3 ± 1.3 ka. The former two ages are consistent
with the main activity period of the Tombullen phase; the latter two ages are
younger. These younger scroll-bar ages may represent deposition during
channel abandonment or its reoccupation, but cannot be readily ascribed to the
enhanced fluvial activity of the Tombullen phase. Moreover, the presence of
source-bordering dunes along the Tombullen reach at ~30 ka (UoW1556 and
UoW1557), and the absence of in-channel, bed-load ages between ~30 ka and
25 ka may suggest the onset of decreased fluvial activity or an erosion of
deposits from this phase.
An age obtained from a laterally accreted deposit of 44.2 ± 2.3 ka (UoW1307),
collected downstream of the Tombullen reach, predates the Tombullen phase,
and has been identified as an outlier (Grubb’s test; p<0.05). Further
investigations are needed to verify whether this deposit and the corresponding
reach are related to the Tombullen phase or whether reaches of the Gum Creek
system were active during different periods.
Fig. 3-8 Finite single-grain OSL and TL ages of this study. Compared to TL ages from Page et al.
(1996). Ages with 1σ error bars are presented according to the fluvial system they were collected from.  
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For the Yanco system, we are following the terminology of Page et al. (1996)
and call the period of enhanced fluvial activity the Yanco phase. Single-grain
OSL ages for the Yanco phase range between 25.0 ± 1.8 and 19.3 ± 1.2 ka.
Evidence for laterally migrating channels on the Yanco system are widely
apparent and found at site YA4 (Fig. 3-1C), with three ages along a transect
ranging between 23.3 ± 1.4 and 19.3 ± 1.2 ka. The ages are not resolved well
enough to calculate a rate for the increase in age with distance away from the
channel. An older age of 32.4 ± 1.7 ka for a sample from a former in-channel
bed-load unit (UoW1523), and an age of 30.3 ± 1.7 ka for a sample from an
adjacent scroll bar (UoW1551) gave ages consistent with the Gum Creek
system. These are thought to be indicators of fluvial deposition down the Yanco
Creek during the Tombullen phase with reoccupation of the site (YA4) during
the Yanco phase.
3.5.3 Comparison with previous findings
Fig. 3-8 shows the individual single-grain OSL and TL ages obtained in this
study together with the TL ages obtained by Page et al. (1996) for the Gum
Creek (Tombullen in this study) and Yanco phases. Page et al. (1996) assigned
periods of enhanced fluvial activity to the Gum Creek (35–25 ka) and Yanco
(20–13 ka) phases.
One of the TL ages for the Gum Creek system presented in Page et al. (1996)
was collected at site GC2 that is also part of this study. The TL age of
25.5 ± 3.5 ka (Page et al., 1996) could not be reproduced with OSL dating. A
minimum age of 32.3 ka was estimated, despite the fact that both samples were
collected from the same bed-load deposit. Another inconsistent result was
obtained for laterally accreted deposits at site GC6 where a TL age of
24.7 ± 2.8 ka was reported by Page et al. (1996), but an OSL age of
44.2 ± 2.3 ka was estimated in this study. Similarly, two TL ages of 15.2 ± 2.0 ka
and 13.6 ± 1.6 ka for laterally accreted sediment were reported for sites YA2
and YA3, respectively (Page et al., 1996). OSL ages for comparable deposits of
these sites gave ages of 25.0 ± 1.8 ka and 24.4 ± 1.6 ka, both significantly
older. At site YA4, a TL age of 18.2 ± 1.5 ka was reported for bed-load
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sediments, but OSL dating showed an age of at least 23.3 ± 1.4 ka. Two further
sites on the Gum Creek system were dated by Page et al. (1996) to
29.4 ± 4.6 ka and 29.8 ± 2.9 ka. These sites have not been revisited in this
study but are used for the comparison. For a full description of the sample
locations we refer to Page et al. (1996).
In summary, all TL ages of Page et al. (1996) are systematically younger (by ~5
ka) compared to the single-grain OSL ages obtained in this study (Fig. 3-8).
This difference is unlikely due to the difference in luminescence signal used in
this study; TL ages were either similar or older than the single-grain OSL ages
(except for one aeolian sample) and partial bleaching was not detected. A key
difference between the two chronologies is the estimate of time-averaged water
content used in calculation of the environmental dose rates. Page et al. (1996)
used water contents of between 2% and 11% (weighted mean of 5.5%) for
fluvial sediments, compared to estimates of 7–23% (weighted mean of 15%)
used in this study. On average, a ~1% decrease in water content will lead to an
~1% decrease in age. If the lower water content estimate of 5.5% is used in this
study, then the single-grain OSL ages for the Tombullen phase will decrease by
~4 ka from between 36.7 ± 2.1 ka and 31.9 ± 1.7 ka to 33.1 ± 1.5 ka to
28.2 ± 1.3 ka and for the Yanco phase by ~2 ka from 25.0 ± 1.8 and
19.3 ± 1.2 ka to 22.8 ± 1.6 ka to 16.4 ± 1.1 ka. The differences in water content
may explain most of the discrepancy in ages between the new single-grain OSL
and the previous TL chronology. Note that the opposite effect of increasing the
TL ages is also possible if the water content used in this study is used instead.
Regardless of which water content estimate is used, the single-grain OSL ages
for the Yanco phase remains consistent with enhanced fluvial activity
throughout the LGM. This contrasts with the TL ages of Page et al. (1996) that
originally suggested rivers were inactive during the LGM (Fig. 3-8). Also, we
found no support for the 9 ka age obtained by Banerjee et al. (2002). They
suggested on the basis of this age that the Yanco phase extended into the
Holocene. None of our single-grain OSL ages returned an age consistent with
deposition during the Holocene; instead the ages are more consistent with the
Yanco phase being of a relative short duration, ending at ~19 ka ago. Banerjee
et al. (2002) also suggested that the TL ages presented in Page et al. (1996)
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were likely overestimates of the age because of partial bleaching. Our study
suggests that partial bleaching of these deposits is unlikely. We suggest that the
Holocene sample collected by Banerjee et al. (2002) may be from a reworked
unit as the Yanco system is profoundly overprinted by a younger drainage
system. Reasons for this discrepancy, however, remain speculative.
Our findings of enhanced fluvial activity at the peak of the LGM, and the lack of
records that may indicate a period of diminished discharge between ~30 and
25 ka ago, contrasts with chronological interpretations of other river systems in
the region. On the Lachlan River (a tributary of the Murrumbidgee River; Fig.
3-1B), enhanced fluvial activity was thought to have occurred from 34 to 20 ka
ago, terminating with a period of decreased discharge at the peak of the LGM
(Kemp and Rhodes, 2010). Palaeochannel activity of the Goulburn River, that
drains the catchment south of our study area (Fig. 3-1B), was linked to a period
of enhanced fluvial activity that lasted from 30 to 15 ka ago (Bowler, 1978b). For
both the Lachlan and Goulburn rivers, more or less continuous enhanced
discharge has been interpreted. A period of diminished flow, or the absence of
ages between 30 and 25 ka ago, as found in this study for the Murrumbidgee
River (Fig. 3-8), was not reported for these other river systems. These regional
differences cannot currently be explained, but a systematic dating study
coupled with palaeohydrological and palaeoenvironmental research in the
southern Murray-Darling Basin should help to resolve some of these issues in
the future.
3.6 Conclusions
We have shown that fluvial and aeolian sediments of the modern Murrumbidgee
River and its two palaeochannel systems, the Gum Creek and Yanco systems,
can be dated using single-grain OSL to establish a new and consistent
geochronology. Partial bleaching was identified as an unlikely significant issue
for these sediments and discrepancies between TL and OSL ages were
demonstrated by measuring subsamples of the same sample using both
methods. The origin of inconsistencies between TL and OSL ages might partly
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be found in the different ways used to derive dose rates for the two methods but
the full range of differences remains unresolved.
The internal consistency of the single-grain OSL ages from bed-load deposits,
and our ability to ascertain, on a single grain level, why samples vary from each
other, allows us to revise the previous chronology of the Gum Creek and Yanco
palaeochannel systems (Page et al., 1996). Periods with evidence for enhanced
fluvial activity are assigned to ~37 to 32 ka for the Tombullen phase and to 25
to 19 ka for the Yanco phase, inferring that conditions of increased sediment
and water discharge persisted during the global LGM. The absence of fluvial
deposits dating to between ~30 and 25 ka clearly predates the peak of the LGM
and previous assumptions of diminished fluvial activity at the peak of the LGM
and the absence of source-bordering dunes associate with the Gum Creek
system (Page et al., 1996) have been revised. A more systematic approach is
needed to determine the regional coherence of phases of enhanced fluvial
activity in the Murray-Darling Basin. Future work applying the same dating
methods to equivalent proxies in the other major tributaries along with water
balance analyses will ultimately resolve the timing and magnitude of changes in




Details about the sampling methods, OSL and TL measurement methods are
given in sub sections 3.7.1, 3.7.2 and 3.7.3 respectively.
Fig. S3-1 Measured/Given dose ratios for individual grains displayed as radial
plots. For four representative samples using the preferred preheat temperature
combinations.
Table S3-1 Results of dose recovery and preheat plateau tests at different
temperature combinations of representative samples.
Fig. S3-2 Dose recovery and preheat plateau test results for fluvial samples of
Yanco system and the Gum Creek system.
Table S3-2 Number of measured, accepted and rejected grains and reasons for
rejection.
Fig. S3-3 Representative test dose decay curve and typical dose response
curves for grains that were saturated or exhibited Class-3 grain behaviour.
Fig. S3-4 Decay curves, normalised decay curves and dose response curves
for a representative sample from each sample set.
Fig. S3-5 to S3-9 Single grain De values shown as radial plots together with the
weighted mean De value, number of grains included and OD values for all
samples ordered as sample sets.
Table S3-3 Comparison of K (%) concentrations derived from three different
methods.
3.7.1 Sample collection
We used four different methods to collect sample material for this study (Table
3-1). A sample from the active bed-load sediment of the modern Murrumbidgee
River was taken by pushing a black PVC pipe into the submerged top layer
(method A).
For samples obtained with method B, stainless steel tubes were horizontally
driven into cleaned surfaces of exposed deposits. The majority of the samples
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was collected using the University of Wollongong (UoW) “Mori S15” drill rig,
equipped with a Tone Ecoprobe OS medium frequency sonic drilling head
(method C) with a constant water supply to the drill hole. Further material was
sampled using a motor driven percussion corer (Atlas Copco, “Cobra Pro”,
method D). For both, collection methods C and D, samples were directly
obtained in opaque tubing and were opened under dim red-light using the
ANSTO core-cutting facilities (Lucas Heights, Australia).
The tubes and cores were subsampled under red-light. The majority of OSL
samples were collected from sand-sized units with ~30 cm distance to major
grain size changes. Intervals of 10 to 15 cm were scraped out of the tube or
core centres for De measurements and material for dose rate determination was
taken from below and above the OSL sample as well as from leftovers in the
OSL sample interval. Dose rate sample material was dried and homogenised
using a ball mill. Samples UoW1306, UoW1309 and UoW1310 were overlying
the mud base and gamma doses were calculated with 50% gamma contribution
from the base. For UoW1483, an OSL sample interval of just 5 cm could be
obtained. Channel infill and base were within the samples gamma sphere,
therefore, a mix of all three units was used to determine the dose rate.
Sample set 1: Modern Murrumbidgee River – fluvial (2 samples)
Two modern analogues were obtained (Fig. 3-1C). Sample UoW1295 (MM1)
was collected from the active bed-load sediment of the modern Murrumbidgee
River and was submerged by a ~1.5 m deep water column at the time of
sampling. UoW1313 (MM2) was sampled from the tail-end of a point bar of the
current river. Both samples consist of medium to coarse sands.
Sample set 2: Yanco system – fluvial (12 samples)
Deposits from the palaeochannel belt of the Yanco system were sampled at
four locations; two were obtained from sites within the former channel
depressions (YA1, YA4). Two cores were taken and the coarse particle size
fraction found between the fines of the eroded mud base and the channel infill
were identified as former bed-load sediment and sampled for dating (YA1-1:
UoW 1520, UoW1590, UoW1521; YA4-1: UoW1522, UoW1523). Fig. 3-2 gives
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a core log example that shows a typical in-channel site stratigraphy. UoW1488
and UoW1487 were obtained from coarse sands exposed in excavated pits at
sites YA2 and YA3 (Fig. 3-1C). The sites are located in the palaeochannel belt
and associated with the lateral migration of the system. At site YA4 (Fig. 3-1C)
a transect, comprising an in-channel site (YA4-1) and two scroll bars, was
investigated. Samples UoW1591 and 1551 were collected from a scroll bar
ridge (YA4-2) closest to the channel remnant. Core YA4-3 was obtained from
the scroll bar swale and sediments from three different depths were sampled
(YA4-3: UoW1553, UoW1552, UoW1554). Both cores contain at least 10 m
(YA4-2) and 15 m (YA4-3) of sand sized sediments, respectively. The scroll bar
ridge of YA4-2 is covered by a source-bordering dune. The sedimentology of
YA4-3 does not provide evidence of whether the top sediments are associated
with aeolian or fluvial deposition. Samples from YA4-3 are kept under the fluvial
sub-item for convenience.
Sample set 3: Yanco system – aeolian (1 sample)
Sample UoW1550 was obtained from a marginal dune that is located on top of
a scroll bar ridge of the Yanco system (YA4-2; Fig. 3-1C). The dune is partly
vegetated and indicates current aeolian sedimentation. The sample was taken
from a transect surveyed at site YA4 and comes from the same core as two
other samples (UoW1591, UoW551).
Sample set 4: Gum Creek system – fluvial (16 samples)
Five cores from in-channel locations of distinct palaeochannel remnants of the
Gum Creek system have been obtained. One to three samples were taken from
the former bed-load sediments of each core (GC1-1: UoW1306; GC2-1:
UoW1483; GC3-1: UoW1390, UoW1389; GC4-1: UoW1315, UoW1391; GC5-1:
UoW1314, UoW1322). The sampled units consist of continuous sand sized
deposits, of 0.15–3 m-thickness, and differ distinctly from the fine channel infill
and the underlying mud base, with the exception of core GC2-1. This core
shows a ~20 cm thin layer of undisturbed sands on top of the eroded mud base
(sample UoW1493 was taken from here). Above this unit are ~2.5 m of
alternating mud and gravelly sand layers that appear to be mixed through rising
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water from the drilling process. At site GC2 (Fig. 3-1C), a transect was surveyed
and cores from three scroll bar ridges were collected. Two samples of each
core were taken from sand sized units at different depths (GC2-2: UoW1310,
UoW1309; GC2-3: UoW1555, UoW1484; GC2-4: UoW1485, UoW1486).
Sediments of UoW1308 were sampled from the floodplain at site GC5 (Fig.
3-1C). The sample was taken from a vertically accreted sand unit. At site GC6
(Fig. 3-1C), a cut-bank of the modern Murrumbidgee River exposed coarse
sediments of a former fluvial system. These laterally accreted, cross-bedded,
medium sands were previously associated with the Gum Creek system (Page et
al., 1996) and sampled for this study (UoW1307).
Sample set 5: Gum Creek system – aeolian (2 samples)
Two samples were collected from vegetated lunettes adjacent to channel
remnants of the Gum Creek system; whereas UoW1556 was obtained from a
source-bordering dune that is located on top of a scroll bar ridge at site GC2.
Sample UoW1557 was collected from a dune set on top of a floodplain adjacent
to the cut-bank of a palaeochannel at site GC5. Both samples come from cores
with ~3.0 and 3.5 m (UoW1556 and UoW1557, respectively) of sandy sediment
that overlies the fines of fluvial, floodplain deposits.
3.7.2 Single-grain OSL dating
3.7.2.1 Sample preparation, equipment and measurement procedures
All collected samples were brought to the UoW OSL laboratory and handled
under subdued red-light conditions. Quartz grains were extracted for OSL
measurements following standard procedures (Wintle, 1997). First, all samples
were wet sieved to collect the 90–300 µm-diameter grain size fraction. These
sub-samples were then treated with 40% hydrochloric acid to remove
carbonates. Organic matter were oxidised in 32% hydrogen peroxide solution.
Samples were sieved again to isolate grains of 180–212 µm-diameter, and the
quartz fraction was separated from feldspars and heavy minerals by density,
using sodium polytungstate solutions of 2.62 and 2.7 g/cm3. The separated
quartz grains were then etched with 48% hydrofluoric acid for 40 min to remove
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the alpha irradiated rinds and any remaining feldspars. Samples were then
rinsed in hydrochloric acid to dissolve any precipitated fluorides, dried and
sieved. Grains remaining on the 180 µm-diameter mesh were used for OSL
dating.
The OSL measurements were carried out using three different automated Risø
DA-20 TL/OSL readers fitted with single-grain laser attachments. Laboratory
irradiations for all samples were carried out using calibrated 90Sr/90Y beta
sources. Optical stimulation was achieved using 532 nm (green) light from a
10 mW Nd:YVO4 solid-state diode-pumped laser, focussed onto a ~20 µm-
diameter spot, at a power density of ~45 W/cm2 at 90% power (Bøtter-Jensen et
al., 2000). The induced ultraviolet emissions were then detected by an Electron
Tubes Ltd 9635Q photomultiplier tube fitted with 7.5 mm thickness of U-350
filter.
De values were estimated for individual sand-sized grains of quartz (180–
212 µm in diameter) that were loaded on standard Risø single-grain aluminium
discs with 100 grains on each disc (Bøtter-Jensen et al., 2000). We followed the
single-aliquot regenerative-dose protocol (SAR; Murray and Wintle, 2000). It
involves the OSL signal measurements resulting from the natural burial dose
(LN) and a series of regenerative doses (LX) after the grains were preheated to a
set temperature and held there for 10 s (PH1). For all our samples we have
given successive regenerative doses of ~30, 60, 120 and 180 Gy; an additional
regenerative dose of ~240 Gy was applied to all samples collected from the
Gum Creek system (sample sets 4 and 5; Table 3-1). Regenerative doses of
~0.38, 0.75, 3.75 and 7.5 Gy were given to modern samples. A fixed test dose
of ~10 Gy (or ~7.5 Gy for modern samples) was given after each natural and
regenerative dose measurement and the induced signals (TN, TX) were
measured after a preheat held for 5 s (PH2) to monitor for any sensitivity
changes that may have occurred during the SAR sequence. A duplicate
regenerative dose was included in the procedure to check on the adequacy of
the sensitivity correction (recycling ratio test). A zero dose measurement was
made to monitor the extent of any recuperation induced by the preheat process
or the build-up of signal from cycle-to-cycle. All OSL measurements were
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performed at 125°C for 2 s. To check on possible contamination by IR-sensitive
grains, we employed the OSL-IR depletion ratio test (Duller, 2003) at the end of
the SAR sequence, simultaneously stimulating all 100 grains on a disc with IR
LEDs (90% power) for 40 s at 50°C.
LX and TX values were integrated over the first 0.2 s of the OSL decay curve,
and the last 0.3 s of the OSL signal were subtracted as background signal (Fig.
3-3A). The sensitivity-corrected OSL signals (LX/TX) were calculated and dose
response curves constructed for every measured grain; the sensitivity-corrected
(LX/TX) dose points were fitted with either a single saturating exponential
function, or a single saturating exponential function with an extra linear term.
The sensitivity corrected natural signal (LN/TN) was subsequently projected onto
the dose response curve to obtain the De value by interpolation onto the dose
axis (Fig. 3-3B).
The uncertainty of the De estimate of each grain was determined from photon
counting statistics, a 2% instrument irreproducibility estimate for each estimate
of L and T and a curve fitting error, using a Monte Carlo simulation (Duller,
2007). A further 2% error was added to the error on the De values, in
quadrature, to allow for any bias in the beta source calibration.
3.7.2.2 Dose recovery tests
Dose recovery tests were conducted on a representative sample (UoW1295;
UoW1521; UoW1314; UoW1557) from 4 of the 5 data sets to determine the
optimum preheat (PH) temperature combination to be used prior to
measurement of the natural and regenerative dose signals (LN, LX) and test
dose signals (TN, TX). A sub-set of quartz grains from each sample were first
exposed to sunlight for ~4 days before given each grain a known laboratory
dose of ~60 Gy; UoW1295, a modern sample, were bleached using blue LEDs
in the laboratory and given a known dose of ~20 Gy. Between four and six
different PH temperature combinations were tested (Table S3-1), where PH1
was applied for 10 s prior to measurement of L and PH2 prior to measurement
of T. The different preheat combinations are listed for each sample in Table
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S3-1. Single grains were measured for all other samples and for the modern
sample (UoW1295) we measured both small aliquots and single grains.
The weighted mean measured doses, overdispersion values and average
measured/given dose ratios for each sample at different PH combinations are
provided in Table S3-1. The preferred combinations, and those used for dating
of all samples in a particular sample set, are highlighted in grey. All preferred
PH combinations resulted in measured/given dose ratios that are within 5%
from unity. The distribution of individual measured/given dose ratios at the
preferred PH temperature combinations are displayed as radial plots in Fig.
S3-1 and the weighted mean measured/given dose ratios and OD values for the
two fluvial samples (UoW1521 and UoW1314) are displayed in Fig. S3-2.
3.7.2.3 Preheat plateau tests
We also conducted preheat plateau tests for two of the fluvial samples
(UoW1521 and UoW1314) using five different PH temperature combinations
(Table S3-1). The results are presented in Table S3-1 and Fig. S3-2. The
patterns mimic that observed for the dose recovery tests. There are no
significant trends with changes in PH1 and the weighted mean De values,
regardless of PH temperature used, are statistically consistent.
3.7.2.4 Rejection criteria
A total of 34,100 individual grains from 33 samples (Table 3-1) were measured
following the methods described above. Prior to determination of De values,
aberrant grains were rejected using previously described and tested criteria
(e.g. Jacobs et al., 2006). Table S3-2 provides details for all samples and
reasons why grains were rejected. The majority of the grains for these samples
were rejected because their test dose (TN) signals were to dim following a
laboratory test dose of ~10 Gy (TN signal <3*BG signal), or the TN signal was
imprecisely known (TN error >20%); for sediment samples of the Yanco system
this amounts to between ~68% and 85% of the measured grains and for
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samples of the Gum Creek system between ~57% and 79%
For some samples (UoW1554, UoW1483, UoW1486, UoW1308), a significant
proportion (~47% to 76%) of the grain
saturated
case, the sensitivity corrected OSL signals (L
response curve and no D
response curves of each type of grain are presented
signals stay reproducible throughout the SAR sequence, so signal build
cycle-to-cycle cannot explain this behaviour.
The D0 value is a measure of saturatio
considered reliable (Wintle and Murray, 2006). The fully saturated grains (Fig.
Fig. S3-1 Measured/Given dose (M/G) ratios for individual grains displayed as radial plots.
representative samples using the preferred preheat temperature combinations with the fi
temperature (PH1) hold for 10 s and a second preheat (PH2) hold for 5 s. Number of used grains and
overdispersion (OD) values are shown.
or exhibited Class 3
e value could be obtained. Example dec
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S3-3A, B) have very low D0 values (22 ± 2 Gy), which is even at 2*D0, much
lower than the expected De value for this sample. The Class 3-grain (Fig.
S3-3D) have a much higher D0 value, suggesting that either the LN/TN ratio is



























Sample set 1: SA-OSL 180, 160 (6) 21.3 ± 0.4 0 1.05 ± 0.03
UoW1295 220, 160 (6) 20.3 ± 0.6 5 ± 3 1.00 ± 0.03
240, 160 (6) 20.4 ± 0.4 1 ± 5 1.01 ± 0.02
260, 220 (6) 20.4 ± 0.4 1 ± 5 1.01 ± 0.02
SG-OSL 240, 160 83 19.0 ± 0.4 16 ± 2 0.95 ± 0.02
260, 220 95 18.7 ± 0.4 18 ± 2 0.94 ± 0.02
Sample set 2: SG-OSL 160, 160 81 60.2 ± 1.6 15 ± 3 0.99 ± 0.03 103 41.9 ± 1.8 38.3 ± 3.3
UoW1521 180, 160 76 56.7 ± 1.7 20 ± 3 0.93 ± 0.03 80 40.2 ± 1.8 34.1 ± 3.6
200, 160 73 52.8 ± 1.4 15 ± 2 0.87 ± 0.02 76 39.9 ± 1.6 29.4 ± 3.2
220, 160 80 54.0 ± 1.4 16 ± 3 0.89 ± 0.02 79 34.5 ± 1.1 22.8 ± 2.5
240, 160 66 51.8 ± 1.2 10 ± 3 0.85 ± 0.02 95 35.3 ± 1.2 27.0 ± 2.6
Sample set 4: SG-OSL 160, 160 71 55.7 ± 1.5 16 ± 3 0.92 ± 0.03 64 94.1 ± 4.9 34.4 ± 4.2
UoW1314 180, 160 63 56.3 ± 1.9 21 ± 3 0.93 ± 0.03 60 88.9 ± 5.1 37.3 ± 4.6
200, 160 51 55.0 ± 2.0 22 ± 3 0.90 ± 0.04 72 92.5 ± 4.4 34.3 ± 3.7
220, 160 64 54.7 ± 1.4 14 ± 2 0.90 ± 0.02 64 81.0 ± 3.1 23.4 ± 3.3
240, 160 64 57.7 ± 1.2 9 ± 2 0.95 ± 0.02 95 85.3 ± 3.5 35.1 ± 3.2
260, 220 61 55.8 ± 1.9 22 ± 3 0.92 ± 0.03
Sample set 5: SG-OSL 160, 160 47 60.0 ± 3.0 22 ± 4 1.00 ± 0.04
UoW1557 180, 160 60 57.5 ± 1.7 17 ± 3 0.95 ± 0.03
200, 160 46 55.3 ± 2.0 18 ± 3 0.92 ± 0.03
220, 160 47 54.8 ± 1.3 7 ± 3 0.91 ± 0.02
240, 160 57 52.8 ± 1.1 7 ± 2 0.87 ± 0.02
* The grains w ere held at the maximum temperature for 10 s (PH1) and 5 s (PH2).
Dose recovery test Preheat plateau test
Table S3-1 Results of dose recovery and preheat plateau tests at different preheat temperature
combinations of representative samples. 1σ uncertainties are assigned. Grey bands indicate preheat 









































































































































































































































































Sample set 2: Yanco system - fluvial:
UoW1521




Fig. S3-2 Dose recovery (A, B) and preheat plateau (C, D) test results for fluvial samples of the
Yanco system (sample set 2: UoW1521) and the Gum Creek system (sample set 4: UoW1314).
Preheat temperature 1 (PH1) was hold for 10 s and a second preheat (PH2) of 160°C for 5 s. A weighted
mean measured/given dose ratio and OD values at each preheat temperature combination are provided

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3.7.2.5 Decay and dose response curve characteristics
A selection of decay and dose response curves for accepted grains for a
representative sample from each sample set are shown in Fig. S3-4. The decay
curves are those of the test dose following the natural signal (TN), after
application of a preheat temperature of 160°C for 5 s (PH2) and represent the
whole range of signal sensitivities and shapes. They are quite similar for
different grains and reduce rapidly to instrumental background; on average less
than 3% of the TN signal remains after 0.2 s of optical simulation. The dose
response curves are quite variable; the examples in Fig. S3-4C show the grains
with the lowest and highest D0 values (a measure of dose saturation) amongst









































































































Fig. S3-3 Representative test dose decay curves (A, B) and typical dose response curve (C, D) for




3.7.2.6 Environmental dose rate measurements
To calculate total dose rates, we have assumed that the measured dose rates
have prevailed throughout the period of burial. This assumption is based on
findings by Olley et al. (1996) who have shown for fluvial samples that secular
disequilibrium is negligible when choosing measurement techniques that
measure the parent and daughter products of the decay chain (e.g. thick-source
alpha and beta counting) as used in this study.
An internal alpha dose rate of 0.018 ± 0.004 Gy/ka has been assumed for all
samples based on measurements made previously for quartz sediments of the
region (Bowler et al., 2003).
Beta dose rates were directly estimated by low-level beta counting of dried,
homogenised and powdered sediment of each sample, using a GM-25-5 multi-
counter system (Bøtter-Jensen and Mejdahl, 1988) and methods provided in
Jacobs and Roberts (2015). For all samples, allowance was made for the effect
of moisture content (Aitken, 1985; Readhead, 1987; Nathan and Mauz, 2008),
grain size (Mejdahl, 1979; Brennan, 2003) and hydrofluoric acid etching (Bell
and Zimmerman, 1978) on beta dose attenuation.
Gamma dose rates were calculated using a combination of thick-source alpha
counting (TSAC), to obtain estimates of U and Th, and GM-25-5 beta counting
for K. All elemental concentrations were converted to gamma dose rates using
the conversion factors of Guérin et al. (2011) and corrected for moisture
content. For three samples (UoW1488, UoW1487, UoW1307), gamma dose
rates have been measured in the field using a GR-320 portable gamma-ray
spectrometer. Results obtained with both methods show insignificant
differences (within 2σ) but for consistency the laboratory estimates of gamma 
were used for all samples.
Account was also taken of the cosmic-ray contribution, which was adjusted for
the average site altitude, geomagnetic latitude, and density and thickness of
sediment overburden (Prescott and Hutton, 1994). The current density and
thickness of sediment overburden was applied.
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Fig. S3-4 Decay curves (A) and normalised decay curves (B) for one representative sample from
each dataset.
whole range of sensitivities and shapes. Dose response curves for two representative example grains for
one sample of each dataset are shown in (
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Fig. S3-6 Single grain D
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Fig. S3-6 (continued) Single grain De values shown as radial plots
De value, number of grains included and OD values of all fluvial, Yanco palaeochannel system
samples (sample set 2).
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Fig. S3-7
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Fig. S3-8 (continued) Single grain De values shown as radial plots together with the weighted
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Fig. S3-8 (continued) Single grain De values shown as radial plots together with the weighted
De value, number of grains included and OD values of
system samples (sample set 4).
- 80 -
all fluvial, Gum Creek palaeochannel
3.7.3 TL dating
A subset of the samples from sample sets 2, 4 and 5
for TL dating (Table 3
that have been chemically pretreated in the OSL laboratory
the TL dating laboratory at University of Wollongong. In this laboratory, heavy
minerals and feldspars were separated from the quartz grains using heavy
liquid separation, and quartz grains were etched in 40% hydrofluoric acid for
10 min. Purified quartz grains were loaded onto aluminium discs as a
monolayer where each aliquot contained between ~5,000 and 9,000 grains.
Dose rates were measured
material used in the OSL dating study, but measurements were made
independently using thick
measurement of U and Th, with an assumed activity ratio of 1:1 (mass ratio 1:3)
(Readhead, 1984). K concentrations (%) were obtained with AES. An external
alpha dose rate has been included in the total dose rate because the light
hydrofluoric acid etch procedure is not strong enough to entirely erase this
contribution. However, the extern
Fig. S3-9 Single grain D
number of grains included and OD value of all aeolian, Gum Creek system samples (sample
set 5).
-3). Portions of the 90
on different su
-source alpha counting in the TL laboratory for
e values shown as radial plot together with the weighted D
- 81
al alpha dose rate amounts to less than 2% of
-
–125 µm
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the total dose rate. Cosmic-ray dose rates were estimated following Prescott
and Hutton (1994) and the same field water content was used as for the OSL
measurements (Table 3-2), but a 3% absolute error was assumed for all
samples. De values, dose rate and age estimates are provided in Table 5.
Table S3-3 Comparison of K (%) concentrations derived from three different methods.
OSL sample code XRF* OSL+ Ratio TLA Ratio
(TL sample code) K (%) K (%) OSL/XRF K (%) TL/XRF
Sample set 2: Yanco system - fluvial
UoW1520 (W4883) 1.97 ± 0.06 1.99 ± 0.08 1.01 ± 0.05 1.50 ± 0.05 0.76 ± 0.03
UoW1521 (W4884) 1.80 ± 0.05 1.80 ± 0.07 1.00 ± 0.05 1.42 ± 0.05 0.79 ± 0.04
UoW1488 (W4886) 1.33 ± 0.04 1.33 ± 0.06 1.00 ± 0.05 1.03 ± 0.05 0.78 ± 0.04
UoW1522 (W4885) 1.93 ± 0.06 1.99 ± 0.08 1.03 ± 0.05 1.44 ± 0.05 0.75 ± 0.03
Sample set 4: Gum Creek system - fluvial
UoW1483 (W4853) 1.43 ± 0.04 1.33 ± 0.07 0.93 ± 0.06 1.03 ± 0.05 0.72 ± 0.04
UoW1390 (W4851) 1.78 ± 0.05 1.82 ± 0.08 1.02 ± 0.05 1.38 ± 0.05 0.77 ± 0.04
UoW1315 (W4849) 1.77 ± 0.05 1.65 ± 0.08 0.93 ± 0.05 1.33 ± 0.05 0.75 ± 0.04
UoW1314 (W4850) 2.19 ± 0.07 2.11 ± 0.09 0.96 ± 0.05 1.69 ± 0.05 0.77 ± 0.03
UoW1307 (W4852) 1.45 ± 0.04 1.36 ± 0.07 0.94 ± 0.06 1.09 ± 0.05 0.75 ± 0.04
Sample set 5: Gum Creek system - aeolian
UoW1556 (W4813) 1.82 ± 0.05 1.91 ± 0.08 1.05 ± 0.05 1.67 ± 0.05 0.92 ± 0.04
UoW1557 (W4812) 2.01 ± 0.06 2.07 ± 0.08 1.03 ± 0.05 1.57 ± 0.05 0.78 ± 0.04
* K (%) derived by XRF w ith an assumed measurement error of 3% (based on laboratory
experimental data).
+ K (%) derived by Thick-source alpha counting and GM-25-5 beta counting for OSL measurements
as described in 3.7.2.6.
A K (%) derived by Atomic Emission Spectroscopy for TL measurements as described in 3.7.3.
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The Riverine Plain of southeastern Australia is characterised by abundant
palaeochannels that have shaped this vast alluvial region. These
palaeochannels, including those of the Murrumbidgee River, are an important
archive for past climates and have frequently been used to reconstruct
palaeohydrological conditions. A revised chronology of the younger
Murrumbidgee River palaeochannels has recently been presented, linking
fluvial activity of the Yanco phase to the peak of the global Last Glacial
Maximum (LGM) and of the Tombullen phase to a period preceding the LGM
(Mueller et al., in prep./Chapter 3).
The investigated palaeochannels provide evidence for regimes of larger
channel capacities and coarse bed-load sediments stemming from significant
changes in runoff volumes and sediment supply. Bankfull discharge rates
between 1,800 and 3,300 m3/s have been estimated for the Tombullen and
Yanco palaeochannels. This represents channels that are 3.1 to 3.6 times wider
than the channel of the modern Murrumbidgee River. The modern as well as
the palaeochannel systems are of meandering character and present lateral
migration patterns. While the Tombullen reach of the Gum Creek system
presents lateral migration rates (0.14 m/y) similar to the present Murrumbidgee
River, the Yanco system potentially, laterally migrated more rapidly although
age constrains preclude the calculation of a robust migration rate.
The large palaeochannels were most likely caused by more seasonal runoff
regimes before and during the LGM. These are thought to have been governed
by widespread snow accumulation across the Great Dividing Range (GDR)
through winter, followed by rapid ablation during the spring months. A detailed
analysis of the sedimentological, stratigraphic and morphometric character of
both the Yanco and the Tombullen palaeochannel systems, and a revised
palaeochannel map of the two Murrumbidgee River palaeochannel systems is




The Riverine Plain of southeastern Australia, a vast alluvial plain within the
Murray-Darling Basin (MDB; Fig. 4-1A and B), contains important terrestrial
archives that provide valuable evidence about past hydrological conditions (e.g.
Langford-Smith, 1959; Butler, 1960; Pels, 1964b; Schumm, 1968). This is
particularly the case for the abundant palaeochannel systems which were left by
the precursors of the modern Murrumbidgee, Lachlan and Goulburn rivers (Fig.
4-1B), which have been the focus of previous studies (e.g. Butler, 1958;
Langford-Smith, 1959; Pels, 1964a; Schumm, 1968). These palaeochannels are
characterised by much larger channels, larger meander wavelengths and
coarser bed-load material than observed in the present drainage systems (e.g.
Bowler, 1978b; Page and Nanson, 1996; Kemp and Rhodes, 2010). Such
morphological and sedimentological differences between former and modern
river systems are used as indicators of change to the hydrological and sediment
regime, reflective of higher discharge due to changes in runoff volume, flood-
frequency and sediment supply (e.g. Harvey, 1969; Dury, 1976; Hickin, 1977;
Williams, 1984; Bishop and Godley, 1994). For the Murrumbidgee River, past
discharge volumes were proposed to be 3.9 to 4.5 times the modern discharge
and were attributed to a decrease in evapotranspiration and strong seasonal
flow regimes governed by snow accumulation in the highlands (Page and
Nanson, 1996).
A revised chronology of the younger Murrumbidgee River palaeochannels has
recently been presented using single-grain optically stimulated luminescence
dating (Mueller et al., in prep./Chapter 3). This revised chronology provides
dating evidence that directly links large palaeochannel bed-load deposits to the
peak of the LGM. Enhanced fluvial activity was found on the Murrumbidgee
River for the periods between ~25.0 to 19.3 ka (Yanco phase) for the Yanco
system and from ~36.7 to 31.9 ka (Tombullen phase) for the Tombullen reach
of the Gum Creek system (Fig. 4-1C and D). These systems were previously
investigated, described and mapped by Page and Nanson (1996).
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The new sedimentological and chrono-stratigraphic data, in addition to newly
available topographic data, allow for a revision and re-evaluation of the previous
findings. As such, this study aims to provide (1) a revision of the Murrumbidgee
River palaeochannel systems of Page et al. (1996); (2) a reconstruction of
palaeohydrological conditions examining different equations to derive
palaeodischarge; and (3) a detailed sedimentological investigation of the Gum
Creek and Yanco palaeochannel systems.
4.2 Regional setting
Sourced in the temperate regions of the GDR, the Murrumbidgee River flows
westwards through the mountain ranges and steep foothills until it emanates
onto the Riverine Plain, downstream of Narrandera (Fig. 4-1). The Riverine
Plain is a 77,000 km2 wide region of alluvial character, situated in the
southeastern part of the MDB, Australia (Fig. 4-1A). Aerial photographs and
satellite imagery reveal the fluvial imprint of a complex, coalescing floodplain
system that the Murray River and its tributaries have left in the Late Quaternary
(Brown and Stephenson, 1991). The Murrumbidgee River, one of the Murray’s
major tributaries, is ~1,600 km long and drains a total area of ~84,000 km2
(Green et al., 2011). On the plains, the large palaeochannels and billabongs of
the Murrumbidgee River are well preserved and easily distinguished from the
smaller, narrower modern drainage system.
Water diversion and management of the modern drainage system results in a
regulated mean annual discharge of 3,439 GL/y (110 m3/s; OoW, 2017a) at
Narrandera in contrast to an estimate for unregulated flows of 4,021 GL/y
(128 m3/s; data from DPI Water, 2016). The headwaters in the GDR are the
Previous page Fig. 4-1 Overview of the Murrumbidgee River study area. A: Location of the Riverine
Plain within the Murray-Darling Basin (MDB), southeastern Australia. B: Study area and major rivers of
the Riverine Plain. C: The modern Murrumbidgee River and its two palaeochannel systems (Gum Creek
and Yanco systems). Locations of gauging stations are denoted. D: Map of the revised Gum Creek and
Yanco palaeochannel systems. Their reaches and sample locations are shown. The Coleambally and
Kerarbury palaeochannel systems are adapted from Page (1994) and shown for completion.
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main contributor of runoff and receive precipitation of up to 1,520 mm/y while
the lower catchment (Fig. 4-1B) is ineffective in runoff generation as the majority
of precipitation received on the plains (460 mm/y) is lost through
evapotranspiration (BoM, 2005b).
4.3 Previous research
For the Murrumbidgee River, a systematic analysis of the morphologic and
sedimentological character of individual components of the former drainage
systems was conducted by Schumm (1968) who linked those systems to
depositional phases and dry glacial or warm interglacial stages without dating
the deposits (Schumm, 1968).
This was followed by a comprehensive surveying and mapping campaign by
Page (1994), Page and Nanson (1996) and Page et al. (1996). Four mixed-load
palaeochannel systems were identified by the authors through multi-grain
thermoluminescence (TL) ages, stratigraphic architecture and channel planform
characteristics.
The two oldest palaeochannel systems, the Coleambally (105 to 80 ka) and
Kerarbury (55 to 35 ka) systems (Fig. 4-1D), differ significantly from the younger
palaeochannels and are characterised by a low sinuosity planform, the
presence of levees and the absence of scroll bar patterns. These channels
were thought to have undergone substantial periods of lateral migration and
terminated with vertical aggradation of bed-load material and were termed
‘aggradational palaeochannel systems’. In contrast, the two younger
palaeochannel systems, the Gum Creek and Yanco systems, are in appearance
highly sinuous with visible scroll bars. These ‘migrational palaeochannel
systems’ were shaped by lateral migration alone and a terminal vertical
aggradation phase was missing.
The Gum Creek system has been described with a complex anabranching-
distributary pattern that becomes apparent downstream of Narrandera, along
the course of the present Murrumbidgee River (Page and Nanson, 1996). A
considerable difference to the other three palaeochannel systems was found in
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the absence of source-bordering dunes. The palaeochannel system itself was
subdivided into four reaches. Individual meander scars on the margin of the
modern floodplain between Narrandera and Yarrada Lagoon (Fig. 4-1D) were
termed the Tombullen reach. Downstream of Yarrada Lagoon, a continuous
palaeochannel reach (Oolambeyan reach) branches south from the course of
the modern Murrumbidgee River but turns north-westwards, decreases in
sinuosity and is intersected by the modern river about 20 km upstream of Hay
(Fig. 4-1D). Its apparent aggradational character in the downstream section was
interpreted as evidence for the simultaneous appearance of both, aggradational
and migrational palaeochannels. The Oolambeyan reach channel gives rise to
at least three distributary systems at the northern margin of the present river.
One section, the Carrathool reach, has individual meander scars that are
preserved at the present river downstream of Yarrada Lagoon up until
Carrathool. At Carrathool the system appears to extend as a continuous
palaeochannel. A further reach, the Uara reach, appears at the southern margin
of the present river upstream of Maude and debouches close to Balranald in
between relict lakes with source-bordering dunes (Page and Nanson, 1996).
Previous subsurface information was collected at sites along the Tombullen,
Uara and Oolambeyan reaches revealing 0.5 to 4 m of coarse sands on top of a
mottled clay base with maximum channel depths of 5 to 7.5 m. Channel fills
were of upward-fining character terminating in 1.5 to 3 m of heavy clays (Page
and Nanson, 1996). At Tombullen reach, mean channel widths of the
palaeochannels were reported as 215 m (n = 9), with an average meander
wavelength of 2,920 m (n = 23) and a mean depth of 5 m (Page et al., 1996). A
bankfull channel discharge of 1,220 m3/s was estimated using the Manning
equation (Manning, 1891) and this was found to be equivalent to 3.9 times the
bankfull discharge of the modern Murrumbidgee River at Darlington Point which
has a recurrence interval of 2.3 years (Q2.3; Page and Nanson 1996).
Previously, four TL ages were obtained from bed-load sediments and channel
infills of the palaeochannels of the Oolambeyan and Tombullen reaches. These
ages ranged between 24.7 ± 2.8 to 29.9 ± 2.9 ka and from this it was proposed
that enhanced fluvial activity occurred between 35 to 25 ka in the Gum Creek
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system. But, it remains uncertain whether Carrathool and Oolambeyan reaches
were active simultaneously (Page et al., 1996).
The Yanco system was found to commence ~15 km west of Narrandera and
branches off the Murrumbidgee River to the south, until it drains into the Edward
River in the vicinity of Moulamein (Fig. 4-1D). The Yanco system is incised
within the ancient plain and can be expressed as a trenched meander belt that
is characterised by large sinuous channels and scroll-bar patterning. The trench
has a maximum width of 5 km upstream of Morundah, and decreases to less
than 2 km thereafter. Page et al. (1996) considered the Yanco system to be
dominated by lateral migration.
Page and Nanson (1996) investigated three sections of the Yanco system,
revealing between ~3 and 4 m of coarse bed-load sands topped with channel-fill
fines, with these facies lying above a mottled clay base. Three TL ages between
13.6 ± 1.6 and 18.2 ± 1.5 ka were obtained for the coarse bed-load units. At a
channel section between Wanganella and Moulamein, where the system
presents well preserved meander scars, Page and Nanson (1996) measured a
maximum channel depth of 6 m, a mean depth of 5.5 m and a palaeochannel
width of ~250 m. There was little downstream change in channel width and
meander wavelength for the entire system with mean values for the parameters
estimated as 225 m (w) and 3,000 m (λ; Page and Nanson, 1996). 
Palaeodischarge was estimated using the Manning equation (Manning, 1891) to
be 1,240 m3/s for a meander scar in the downstream section of the system,
providing a multiple of 4.5 times the present bankfull discharge for the modern
Murrumbidgee River at Hay with a recurrence interval of 2.3 years (Q2.3; Page
and Nanson, 1996).
Source-bordering dunes were found to be dominant features along the Yanco
palaeochannel system and TL ages of 14.7 ± 1.2 and 19.4 ± 1.6 ka were also




4.4.1 Surface data acquisition
The palaeochannel map of Page (1994; later published as Page and Nanson,
1996) was re-assessed using one-meter-resolution digital elevation models
(DEMs), derived from Light Imaging, Detection And Ranging data (LiDAR;
absolute vertical and horizontal accuracies of ± 0.15 m and ± 0.40 m (1 σ)) that 
is available for the majority of the study area (Fig. 4-1D; data sources: DECCW,
2009; WfR, 2007). Areas outside of high-resolution elevation data coverage
were examined on satellite imagery (SPOT 5; ESRI, 2016). DEMs were used to
extract cross-section data and to conduct channel planform measurements,
such as radius of curvature (RC) and channel bankfull width (wBf) for both the
modern Murrumbidgee River and the palaeochannel systems. In this study,
bankfull stage was defined morphologically using the top of the channel banks,
representing floodplain inundation level (Fig. 4-2).
4.4.2 Subsurface data acquisition
To obtain subsurface information on the palaeochannel systems, two sites
along the Yanco system (Conargo and Moulamein reaches) and five sites of the
Gum Creek system (Tombullen reach) were chosen (Fig. 4-1D). Depositional
environments, including former channel depressions, as well as adjacent
floodplain and scroll bar features were targeted. Twenty-one boreholes, ranging
in depth from ~2 to 15 m, were sunk using a variety of drilling methods (Table
4-1; see also Mueller et al., in prep., Supporting Information/Chapter 3.7.1). The
majority of cores were obtained with a “Mori S15” drill rig, equipped with a Tone
Ecoprobe OS medium frequency sonic drilling head or by using a percussion
corer. Further sample material was also obtained with a standard hand auger.
All coring methods used in this study yielded nearly optimal core recovery; no
considerable sediment loss occurred. Minimal sediment expansion (8%) was
recorded for the muddy channel fills and channel bases. Additionally, sample
material of laterally accreted deposits was collected from previously described
exposures (Page and Nanson, 1996) on the Thurrowa and Wanganella reaches
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of the Yanco system and the Tabratong reach of the Gum Creek system (Fig.
4-1D). From the modern Murrumbidgee River, bed-load sediment and point bar
samples were obtained on the Tombullen section near Darlington Point (Fig.
4-1C).















wBf (138 m) wBf (75 m)
A Darlington Point gauging station B Typical Tombullen section inflection point
dMAX
(7.6 m)















wBf (97 m) wBf (65 m)
C Maude gauging station D Typical Maude section inflection point
dMAX
(7.3 m)
Fig. 4-2 Cross-sections of the Tombullen and Maude sections on the modern Murrumbidgee River.
A: Darlington Point gauging station and C: Maude gauging station (data from DPI Water, 2016). B: a
typical inflection point adjacent to the gauging station at Darlington Point and D: a typical inflection point
adjacent to the gauging station at Maude (data from DECCW, 2009). The truncation in the inflection point
cross-section stems from the DEM, as LiDAR is not capable of penetrating the water column entirely.
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Particle sizes of sample material <1 mm were determined using a laser
diffraction particle size analyser (Mastersizer 2000) and sediments >1 mm were
sieved according to the integer phi scale. A total of 801 subsamples for 152.7 m
of core were analysed. Mean values, modality and standard deviation were
calculated using GRADISTAT V8.0 (Blott and Pye, 2001; Blott, 2011). Table 4-2
shows palaeochannel depths (dMAX), describing the difference between bankfull
stage to the top of the bed-load unit, and width-to-depth ratios. Ages presented
in this section were previously presented (Mueller et al., in prep./Chapter 3).
Reach Location Depth Collection* Depositional environment# Particle size
code (m) method samples
Yanco system
• Thurrowa reach
YA1-1 10.35 1 palaeochannel belt; channel deposit 46
YA2-1 2.50 2 palaeochannel belt; laterally accreted sediment 1
• Wanganella reach
YA3-1 2.00 2 palaeochannel belt; laterally accreted sediment 1
• M oulamein reach
YA4-1 6.90 1 palaeochannel; channel deposit 51
YA4-2 12.70 1 palaeochannel belt; scroll bar ridge sediment 63
YA4-3 14.90 1 palaeochannel belt; scroll bar sw ale sediment 79
Gum Creek system
• Tombullen reach
GC1-1 4.60 3 palaeochannel; channel deposit 19
GC1-2 5.00 3 palaeochannel belt; former point-bar 23
GC2-1 8.40 1 palaeochannel; channel deposit; highly disturbed in parts 54
GC2-2 5.40 3 palaeochannel belt; scroll bar ridge sediment 9
GC2-3 8.80 1 palaeochannel belt; scroll bar ridge sediment 79
GC2-4 12.50 1 palaeochannel belt; scroll bar ridge sediment 123
GC2-5 3.60 3 marginal dune 10
GC3-1 8.45 1 palaeochannel; channel deposit 36
GC3-2 5.30 3 palaeochannel belt; cut bank 25
GC4-1 10.00 1 palaeochannel; channel deposit 66
GC4-2 5.85 3 palaeochannel belt; cut bank 17
GC4-3 7.00 4 palaeochannel belt; former point-bar 24
GC4-4 3.50 3 palaeochannel belt; top of bank 5
GC5-1 7.20 1 palaeochannel; channel deposit 45
GC5-2 6.20 3 palaeochannel belt; top of bank 7
GC5-3 3.95 3 marginal dune 14
GC5-4 2.10 3 palaeochannel belt; former point-bar 3
•Tabratong reach
GC6-1 2.00 2 palaeochannel belt; laterally accreted sediment 1
* Collection method: 1 sonic drill rig; 2 exposure; 3 percussion corer; 4 hand auger.
# Distinct palaeochannel remnants (e.g. meander scars or cut-offs) are referred to as "palaeochannels" w hile less distinct
features are referred to as "palaeochannel belt".
Table 4-1 Depositional environments, sample collection methods and numbers of analysed particle
size subsamples from the Murrumbidgee River.
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Table 4-2 Site specific dimensions of the investigated Murrumbidgee River palaeochannels.
4.4.3 Discharge estimation
To derive palaeodischarge estimates, discharge equations developed by Dury
(1976), Osterkamp and Hedman (1982) and Bjerklie (2007) were used (Table
4-3). These equations describe mathematical relationships between channel
bankfull width (wBf) and discharge rates (Q). They were all established using
empirical data from meandering rivers in North America. While Bjerklie’s
equation directly links channel width to bankfull channel discharge (QBf), Dury’s
equation estimates discharges with a recurrence period of 1.58 years (Q1.58)
and Osterkamp and Hedman’s equation uses a recurrence period of 2 years
(Q2). The recurrence interval of unregulated bankfull discharge for the modern
Murrumbidgee River at Narrandera is modelled to occur (Page et al., 2005)
every 1.45 years, showing that Dury’s Q1.58 and Osterkamp and Hedman’s Q2
are sufficiently close to represent bankfull discharge estimates.




YA1-1 -# 5.5 -
• M oulamein reach
YA4-1 180.7 3.2 55.8
Gum Creek system
• Tombullen reach
GC1-1 139.6 4.8 29.3
GC2-1 287.6 -* -
GC3-1 155.3 5.5 28.0
GC4-1 203.6 6.2 33.1
GC5-1 280.7 5.1 55.0
# No w itdth w as derived for this site as it is located in the palaeochannel belt w ithout a distinct
channel expression.








































































































































































































































































































































































































































































































































































































































































































To verify the regional applicability of the established palaeodischarge equations,
predicted modern bankfull discharge rates were compared against twelve
gauging stations on the Murrumbidgee River. These gauges are located in the
least modified and unconfined settings of the Riverine Plain (n = 12; Fig. 4-1C)
and wBf were obtained from cross-section data held in the Department of
Primary Industries Water HYDSTRA database (DPI Water, 2016). The most
recent rating tables, as provided by DPI Water (2016), were used to read QBf for
the given bankfull level.
To assess the palaeochannel systems, bankfull channel widths at inflection
points and radius of curvature (RC) measurements were obtained for the
Tombullen reach (Gum Creek system) and Moulamein reach (Yanco system)
using DEMs (Table 4-3). Additionally, three reaches of the modern
Murrumbidgee River were selected for comparison with the palaeochannel data
sets and mean wBf and RC values were derived from the DEMs.
Palaeodischarges of the Tombullen reach were compared to the predicted
bankfull discharge for the present drainage system of the Tombullen section
(Fig. 4-1C; Table 4-3). Conditions of the Moulamein reach (Yanco system) were
matched with a reach of the Murrumbidgee River that passes Maude to account
for the downstream decreasing channel capacity (Fig. 4-1C; Table 4-3). This
downstream decreasing channel capacity is observed for the present drainage
system (Page and McEllroy, 1981) and has also been noted for the
palaeochannel systems through decreasing channel depths with downstream
distance (Page and Nanson, 1996). In addition, both palaeochannel reaches
are compared to the Narrandera section on the Murrumbidgee River which lies
upstream of the Yanco Creek bifurcation (Fig. 4-1C).
4.5 Results
4.5.1 A revised palaeochannel map
A revised palaeochannel map is presented in Fig. 4-1D. This map differs from
the original map of Page et al. (1996): (1) a subdivision of the Yanco system
has been introduced, (2) reaches of the Gum Creek system have been further
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subdivided, and (3) a distributary palaeochannel course to the Yanco system
has been added. While Page et al. (1996) considered the “Tombullen reach” to
include meander scars downstream of Yarrada lagoon, the new map
distinguishes between the upstream Tombullen and downstream Cumbungi
reaches. Previously summarised as “Carrathool reach”, the Carrathool, Croidon,
Tabratong and Headling reaches are labelled separately to simplify the
distinction of systems on the northern margin of the Murrumbidgee River. Page
et al. (1996) indicated a potential distributary of the Yanco system. On the new
satellite imagery, this distributary was traced for ~100 km downstream and at
least two reaches were identified (Colombo and Jerilderie reaches) as well as
an offtake to Lake Urana. Consequently, the main trunk of the Yanco system
was subdivided into reaches. The distinction and naming of separate reaches,
as introduced by Page et al. (1996) for the Gum Creek system, was adapted for
this study and new names, associated with local towns, localities or
homesteads have also been added.
4.5.1.1 The Gum Creek system
Palaeochannel remnants of the Gum Creek system are in close proximity to the
modern Murrumbidgee River. The Gum Creek system was originally divided
into three main reaches by Page et al. (1996), however, for this study we have
subdivided the Gum Creek system into eight reaches for ease of discussion
(Fig. 4-1D). The focus of this study is the Tombullen reach where pronounced
meander scars can readily be observed on aerial imagery and in the field. The
palaeochannel width for this reach is on average 230 m (n = 30) with a mean RC
of 710 m (n = 31; Table 4-3). This compares to a mean wBf of 74 m and a mean
RC of 175 m on the modern Murrumbidgee River (Tombullen section). Source-
bordering dunes can also be identified adjacent to the palaeochannels but are
comparatively smaller than those found along the Coleambally, Kerarbury and
Yanco systems and rather appear as solitary dunes.
Downstream of the Tombullen reach, the Oolambeyan reach branches
southwestwards and is followed by the modern Gum Creek for ~80 km (Fig.
4-1D). The lower course is less clear with satellite imagery providing ambiguous
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evidence as to whether the Oolambeyan reach flowed north or south following a
route previously mapped as the Kerarbury system (Fig. 4-1D; Page et al.,
1996). This downstream section of the Oolambeyan reach is significantly
straighter compared to the upstream section and was originally thought to
indicate that downstream reaches of the Gum Creek system were of
aggradational character (Page et al., 1996). The Tabratong reach appears on
the northern bank of the modern Murrumbidgee River (Fig. 4-1D) and potentially
is the continuation of the northern branch of the Oolambeyan reach. This low
sinuosity reach is ~20 km long and bifurcates at least twice before it gets
untraceable at the limit of the high-resolution dataset. Details about all Gum
Creek reaches are given in Table S4-2.
4.5.1.2 The Yanco system
Approximately 16 km downstream of Narrandera, the Yanco palaeochannel
system branches away from the course of the modern Murrumbidgee River and
turns southwestwards. For ease of discussion, we introduce a subdivision of the
Yanco system (Fig. 4-1D) and present detailed characteristics of this
palaeochannel system in Table 4-4.
The palaeochannel system is preserved as a channel belt incised within the
surrounding plain. Five reaches can be identified along the main trunk channel
(Morundah, Thurrowa, Wanganella, Moulamein and Tooranie reaches) and
three additional reaches, as distributary channels (Colombo, Jerilderie reaches
and Urana-Offtake; Fig. 4-1D; Table 4-4). Ephemeral suspended-load creeks
flow through these palaeochannel reaches for most of their courses and appear
to heavily rework the palaeochannel belts, but less so in the distributary
reaches. Source-bordering dune systems occur along the Yanco system but
predominantly on the eastern margins of the palaeochannels.
Moulamein reach shows perhaps the best preserved part of the palaeochannel
system. Along an 80 km long reach between Wanganella and the Edward River,
the channel belt presents long meander loops and a scroll bar pattern (Fig.
4-1D). It reveals sections with distinct expressions of the former channel
planform and channel width ranges between 170 and 380 m with an average of
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Yanco system reaches Characteristics
Main trunk
• Morundah reach palaeochannel belt over 5 km wide
intensely reworked
two meander cut-offs well preserved on western floodplain
Dry Lake (cut-off) is ~600 m wide (n = 2) and has a RC of 1,200 m
bifurcates into main trunk (Thurrowa Reach) and distributary (Colombo
Reach)
• Thurrowa reach palaeochannel belt between ~2 km and 800 m wide
intensely reworked
few distinct meander bends of belt preserved
• Wanganella reach palaeochannel belt ~1.5 km wide
intensely reworked
• Moulamein reach well preserved, long meander loops and scroll bar pattern
distinct expressions of the former channel planform
channel width ranges between 170 and 380 m (mean ~260 m; n = 18)
radius of curvatures range from 530 to 1000 (mean ~780 m; n = 9)
• Tooranie reach similar planform characteristics as Moulamein Reach
but uncertain whether it belongs to Yanco System or another system
not covered by high resolution elevation data (listed for completion)
Distributaries
• Colombo reach channel belt shrinks from ~2.5 km to ~1 km
few individual cut-offs preserved on floodplain
appears on eastern margin of Colombo Reach
heads southwards towards Lake Urana
traceable for ~8 km
• Jerilderie reach continuation of Colombo Reach
splits up into at least two distinct channels at Jerilderie
the southern channel decreases and disappears after ~16 km
the northern channel might have reconnected the distributary with the
main trunk
the northern channel is accompanied by an extensive dune system
~260 m (n = 18; Table 4-3). RC reaches on average 780 m (530 to 1,000 m;
n = 9). A comparable reach of the modern Murrumbidgee River (Maude section)
is characterised by a mean wBf 65 m and RC of 134 m.
Table 4-4 Reach characteristics of the Yanco palaeochannel system.
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Moulamein reach is located ~200 km downstream of Morundah reach. On this
most upstream reach, two distinct meander scars are preserved with one, Dry
Lake, presenting an RC of 1,200 m and a wBf of 600 m. From this, a drastic
downstream decrease of channel capacity can be inferred.
4.5.2 Palaeohydrology
4.5.2.1 Verification of discharge equations
Scatterplots of gauging station bankfull channel width measurements are shown
together with discharge relationships developed by Dury (1976), Osterkamp and
Hedman (1982) as well as Bjerklie (2007) in Fig. 4-3. At the gauging stations,
channel bankfull widths range between ~16 and 138 m (Table 4-5) and in all
cases, the equation trendlines show a visual trend towards discharge
overestimation when compared to the scatter of the modern data. The analysis
of residuals confirms that the established equations overestimate bankfull
discharge for the modern fluvial system as the large majority of residuals are
negative (83 to 100%). A summary of residuals is presented in Table S4-1.
For the Maude section of the modern Murrumbidgee River, two of the predicted
discharge values (Dury, Bjerklie; Table 4-3) are consistent with a QBf reading of
240 m3/s at the gauging station in Maude. Discharge values calculated with
Osterkamp and Hedman’s equation yields higher values with 421 m3/s. Notable
is that the channel at the gauging station is much wider (wBf = 97 m; Table 4-3)
than the reach average (wBf = 65 m).
For the Tombullen section of the modern Murrumbidgee River (wBf = 74 m),
predicted discharge rates from the equations range from 279 to 485 m3/s (Table
4-3). QBf values of 253, 388 and 525 m
3/s were read from the rating tables
(Table 4-5) for the three gauging stations that are located along this reach. All of
the predicted discharge values fall within the range of gauging station
discharges. The wide range of discharge rates at these gauges is reflected in
the variability of morphological parameters (wBf: 68–138 m). In contrast, wBf









































































Fig. 4-3 Relationships between bankfull discharge and bankfull channel width for local gauges with
empirical relationships from the literature. A: Dury (1967); B: Osterkamp and Hedman (1982) and C:
Bjerklie (2007). Stars show predicted values for the Tombullen reach (green; Gum Creek palaeochannel



























































































































































































































































































































































































































































































































































































between 53 and 82 m and the mean wBf value corresponds to the lower gauge
values.
For the Narrandera section (wBf = 91 m), the discharge rate predicted with
Osterkamp and Hedman’s equation is consistent with the QBf at the gauge of
632 m3/s (Table 4-3, 4-5). Both other equations yielded significantly lower
discharge rates of with 390 and 482 m3/s (Table 4-5). Similar to conditions on
the Maude section, the channel at the Narrandera gauging station is much
wider (wBf = 110 m; Table 4-3) than the reach average of Narrandera section
(wBf = 91 m).
4.5.2.2 Palaeodischarge
A mean wBf of ~232 m was obtained for the Tombullen reach of the Gum Creek
system (Table 4-3) and for the Yanco system on the Moulamein reach a mean
value of ~262 m (wBf) was observed. These measured parameters of the
palaeochannel remnants significantly exceed those of the modern drainage
system by 3 to 4 times for wBf (Table 4-3).
Discharge rates for Tombullen reach of the Gum Creek palaeochannel system
estimated from Dury’s and Bjerklie’s equations yielded ~1,800 m3/s (Table 4-3).
In contrast, Osterkamp and Hedman’s equation returned an estimate of
~2,624 m3/s. For Moulamein reach of the Yanco palaeochannel system,
discharge values between 2,111 and 2,225 m3/s were returned by two
palaeodischarge equations (Bjerklie, Osterkamp and Hedman) whereas the
Dury equation returned a discharge estimate of 3,292 m3/s (Table 4-3; Fig. 4-3).
When compared as a ratio to the modern bankfull discharge, the Tombullen
reach of the Gum Creek palaeochannel system is estimated to have had 3.8 to
7.9 times the discharge volume of the modern channel in the Tombullen
section, and 3.0 to 5.4 times that of the Narrandera section on the modern
Murrumbidgee River (Table 4-3). For Moulamein reach of the Yanco system,
discharge volumes were calculated to be 5.0 to 12.4 times the discharge of the
Maude section and 3.4 to 6.8 times the discharge of the Narrandera section on
the modern Murrumbidgee River.
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4.5.3 Sedimentology and chrono-stratigraphy
Grain size measurements and primary boundaries were used to describe the
stratigraphy of the investigated sites. Primary boundaries (i.e. bed-load
deposits, channel base and fill) were clearly evident, especially in cores taken
from in-channel locations. Cut surfaces of cores did not reveal enough detail to
make qualitative statements about individual bedding structures (e.g. planar or
cross bedding). However, bedding structures appeared undisturbed and were
used as a guide to subsample for grain size measurements. A list of the number
of analysed grain-size samples per core and their depositional environments
are given in Table 4-1. Fig. 4-4 and 4-5 show the cross-sections and site
locations for the Gum Creek and Yanco systems, respectively. Particle size
results for bed-load units are presented in Table 4-6 and site-specific,
geomorphological dimensions are given in Table 4-2. Single-grain OSL ages
are assigned to the deposits as presented in Mueller et al. (in prep./Chapter 3).
4.5.3.1 The Gum Creek system
At all five sites on the Tombullen reach (GC1 to GC5) cores were obtained from
the lowest point of the depression within the palaeochannels (Fig. 4-4). All are
characterised by dense, mottled mud bases with erosional surfaces that
separate the overlying channel sands (Fig. 4-4). In relation to the adjacent
plains, the depth of these unconformities range between ~8 and 11 m. With
respect to former bankfull stages, the investigated sites have maximum channel
depths of 4.8 to 6.2 m (dMAX; Table 4-2). With the exception of GC2-1 which
shows a disturbed unit (Fig. 4-4), all profiles show 15 cm to ~3 m thick units of
alternating fine to coarse sands and gravels that rest on top of a mud base.
Mean particle size ranges between 66 µm and 4.2 mm, with a mean value of
735 µm and D90 value of 10.2 mm (Table 4-6). OSL ages (n = 7) obtained for
coarse in-channel sediments at four sites range between 31.9 ± 1.7 and




























































































Moulamein reach (YA4) (both Yanco system).
The coarse channel sediment, within the cores, show mostly upward
sequences that grade into the ove
thick. The top meter of the channel infill is commonly undergoing soil
development with sparse ground vegetation. Cores that have been recovered
from the
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GC4-4, GC5-4; Fig. 4-4) are capped by 2 – 3 m of mud, overlying alternating
sand and mud layers.
At site GC2 (Fig. 4-4 and 4-6), the in-channel profile (GC2-1) shows ~20 cm of
undisturbed, fine-grained sands that overlay the mud base and a minimum age
of >32.3 ka was obtained for this unit. Above, however, are ~2 m of alternating
mud and sand layers (1 to 4 cm thick) that appear disturbed, potentially through
the drilling process. In the upper part of the disturbed unit, the occurrence of
mud clasts and individual gravels (~3 mm in diameter) contributes to the
unclear depositional structure. The uppermost part of the profile consists of over
3 m of mud deposits forming the channel infill. Adjacent to this location on a
scroll bar ridge, a core consisting of over 5 m of continuous mud was obtained
(Fig. 4-4). One thin layer (~7 cm) of fine-grained sands was found at a depth
equivalent to the top of the coarse-grained unit in the adjacent in-channel core
(GC2-1). This layer gave an age of 26.3 ± 1.3 ka and a sample taken 30 cm
above from a fine grained mud unit (<30% sand-sized grains), gave an age of
27.5 ± 1.3 ka (Fig. 4-4).
Cores from an additional scroll bar ridge (GC2-3), ~450 m from GC2-1, were
recovered and reveal at least ~7 m of sand sized deposits underlying >2 m of
muds. The coarse units show mean grain sizes between 31 to 745 µm and ages
of 34.6 ± 2.1 and 36.6 ± 2.1 ka were obtained from depths of ~2 and 8 m,
respectively (Fig. 4-4). A third scroll bar ridge at the same site (GC2-4; 800 m
distance to GC2-1) revealed two sequences of stacked units with alternating
coarse-sized channel sediments on top of erosional mud surfaces (Fig. 4-4).
The basal part of the upper sequence contains gravels with D90 values of up to
82.2 mm and mean particle sizes that range between 72 µm and 3.2 mm. A
mud deposit of ~1.5 m separates the two sequences. Mean particle sizes of
95 µm to 1.6 mm and D90 values with a maximum of 8.6 mm were obtained for
the lower coarse-sized channel sediments. An age of 60.6 ± 4.4 ka was
obtained for the basal unit of the upper sequence and a minimum age of
>52.9 ka was estimated for the lower sequence.
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4.5.3.2 The Yanco system
Two sites of the Yanco system were investigated: one on Moulamein reach
(Fig. 4-1D) at the apex
Fig. 4-6 Sites investigated for lateral migration on the Gum Creek (GC2) and Yanco (YA4)
palaeochannel systems.
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cores were obtained from a transect and one core was taken from Thurrowa
reach (Fig. 4-1D) at the inflection point of the palaeochannel (YA1; Fig. 4-5).
Similar to the Gum Creek system, heavy dense muds with occasional lenses of
fine to medium sized sand occur within the former channel belts at both sites.
The mottled mud bases show eroded surfaces ~8 and 4 m (YA1 and YA4,
respectively) below the surrounding plains and are overlain by units of
alternating fine- to coarse-sized sands or gravels. Measured from bankfull stage
to the top of these coarse grained units, these channels reach depths of 3.2 and
5.5 m (dMAX; Table 4-2).
D90 values of up to 26.4 mm were obtained for individual units while mean
particle sizes range between 151 µm and 4.6 mm, with an average of 732 µm
for the channel deposits (Table 4-6). These coarse-grained deposits reach
thicknesses of ~3.4 and 2.4 m (YA1-1 and YA4-1). At site YA1-1, three samples
from the channel deposits gave ages between 20.0 ± 1.2 and 24.2 ± 1.5 ka (Fig.
4-5). An age of 23.3 ± 1.4 was obtained for the upper part of the coarse-grained
sequence at YA4-1 whereas the lower part gave and age of 32.4 ± 1.7 ka (Fig.
4-5).
The coarse units grade into fine-grained muds with interbedded sand layers.
Soil development is generally limited to the top meter. Sparse grasses cover the
surfaces at both sites and a thin layer (~2 cm) of medium sand grains (392 µm)
was collected covering these grasses at YA4-1, indicating active aeolian
transport.
At site YA4, the profile of a scroll bar ridge, with a marginal dune at the top
(YA4-2; Fig. 4-5), reveals ~10.5 m of alternating fine to coarse-sized sands on
top of the eroded mud base. Mean particle sizes are between ~49 µm and
1.8 mm and D90 values reach ~12.8 mm. A transition from aeolian to fluvial
deposition is not evident in this profile. A sample from the top meter returned a
modern age and samples from ~8 and 10 m gave ages of 19.3 ± 1.2 and
30.3 ± 1.7 ka, respectively.
The scroll bar swale (YA4-3, Fig. 4-5) consists of at least ~15 m of sands
(64 µm to 2.1 mm) and the mud base could not be reached with conventional
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drilling methods. Ages for coarse to medium seized sand units were obtained at
depths of ~2, 5 and 14 m and successively gave ages of 14.3 ± 1.0, 22.6 ± 1.3
and >67.1 ka.
Additionally, two sites with deposits of laterally accreted character (YA2, YA3;
Fig. 4-1D) were investigated. Coarse-sized sands with D90 values of up to 6.1
(YA2) and 7.5 mm (YA3) were dated and ages of 25.0 ± 1.8 and 24.4 ± 1.6 ka
were obtained, respectively.
For the Yanco system, a total of 241 grain size samples were measured with
46% presenting unimodal distributions. Sigma values for these unimodal
samples range between 1.6 to 5 µm but only 8% are moderately to moderately-
well sorted (Fig. S4-1). Sorting is independent of the depositional environment.
4.6 Discussion
4.6.1 Palaeodischarge estimations
Previous studies attempted to reconstruct discharges for palaeochannels of the
region by applying empirical equations based on the relationships between
cross-section area or meander wavelength and discharge rates (Page and
Nanson, 1996; Young et al., 2002; Kemp and Rhodes; 2010, Pietsch et al.,
2013). However, for this study the determination of cross-section area was
constrained by the sampling strategy, with one in-channel hole per site
precluding robust cross-section area calculations, and robust wavelength
measurements were not possible on the preserved, billabong type, meander
scars of the Tombullen reach. Therefore, discharge equations based on
channel width were applied with all three performing poorly by overestimating
discharge predictions on an at-a-station level (gauging stations). Also the
overestimation of discharge rates appears to increase with channel width (Fig.
4-3), which is a critical issue for palaeodischarge estimation as palaeochannels
are more than 3 times wider than the modern river (Table 4-3).
The discrepancy between rating table readings and equation outputs for
gauging stations may well be due to the type of equations used. These
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equations were empirically established in humid settings of North America while
the investigated area of the Riverine Plain is classified as semi-arid. The
overestimation in modern discharge values emphasises the need for a regional
equation to provide realistic palaeodischarge estimates.
Despite the lack of a regional equation, the good correlation between predicted
reach-average discharge (instead of predicted discharge at the gauging
stations) and gauge readings utilising the discharge equations (Table 4-3, 4-5)
suggests that the equations are reasonable predictors of palaeodischarge.
However, to account for possible overestimation of discharge rates for the wider
palaeochannels a conservative approach is chosen and the lowest estimates
are reported as minimum values. Therefore, palaeodischarge rates of at least
1,800 m3/s for the Tombullen reach and at least 2,100 m3/s for the Moulamein
reach are predicted.
Comparing the discharge estimates of the modern Murrumbidgee River and the
palaeochannel systems with each other introduces an additional complication. It
might be appropriate to establish a comparison between the modern river
upstream of its bifurcation with the Yanco Creek (Narrandera section; Fig. 4-1C)
to account for discharge losses to the distributary system. In turn, this may lead
to the underestimation of discharge multiples as downstream decreasing
channel capacity has been reported for the modern and the palaeochannel
systems (Page and McEllroy, 1981; Page and Nanson, 1996). This downstream
channel capacity change is shown in a channel width reduction of ~30% on a
~200 km long stretch of the modern Murrumbidgee River between Narrandera
and Maude (Table 4-3). On the most upstream reach of the Yanco
palaeochannel system, channel remnants (i.e. Dry Lake) reached bankfull
widths of ~600 m while the channel appears to have contracted by ~60% about
200 km downstream at Moulamein reach (Table 4-3). Therefore, the
comparison of the palaeochannel systems to sections of the modern
Murrumbidgee River in similar settings of the Riverine Plain may be more
appropriate. This leads to a multiple of at least 3.8 times the modern discharge
of the Tombullen section for the Tombullen reach (Gum Creek system) and a
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discharge multiple of at least 5.0 times for the Moulamein reach (Yanco
system).
From the palaeodischarge equations, predicted bankfull discharge estimates for
the Tombullen reach and Moulamein reaches of the palaeochannel systems
return values that are larger than previously published estimates that were
calculated with the Manning equation (Manning, 1891). For the Manning
equation, a good understanding of the channel cross-section (i.e. hydraulic
radius and wetted perimeter) is needed. This cannot be obtained from a single
bore hole in the channel as conducted in this study. Therefore, in this study
discharge is estimated with equations that solely use channel width (Dury,
Osterkamp and Hedman, Bjerklie).
Page and Nanson (1996) calculated ~1,200 m3/s for one site of each of the
palaeochannel systems, which was in agreement with Schumm’s (1968)
investigations of Yarrada Lagoon (~1440 m3/s). Our discharge results exceed
these findings by 26 to 119% with ~1,800 to 2,600 m/s3 for the Tombullen reach
(Gum Creek system) and ~2,100 to 3,300 m/s3 for the Moulamein reach (Yanco
system). Interestingly, our most conservative discharge multiple estimates
concur with estimates of Page and Nanson (1996) and Schumm (1968) who
have estimated that bankfull capacities of the Tombullen reach were 3.9 times
greater than the modern discharge and 4.5 times greater for the Yanco system.
However, our discharge volumes for the Tombullen phase may actually be
underestimated for a different reason. Discharge estimates were solely derived
using the channel capacity of the Tombullen reach. However, during this phase,
coarse sediments were also deposited along the Yanco system (Fig. 4-5),
indicating that drainage most likely occurred simultaneously across the Yanco
system. However, overprinting of Gum Creek palaeochannel deposits during
the subsequent Yanco phase prevents the determination of Gum Creek
palaeochannel parameters along the Yanco system, necessary to derive
palaeodischarge rates and volumes. Discharge rates for the Tombullen phase
are, therefore, also minimum estimates. We address the plausibility of predicted
palaeodischarge estimates of at least 1,800 to 3,300 m3/s below.
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4.6.2 Palaeochannel sedimentology and chrono-stratigraphy
The majority of all investigated samples presents multi-modal grain size
distributions (62%) or poor sorting characteristics for unimodal sample
distributions (96%). Sorting properties are independent of the depositional
environments; noticeable is that aeolian sediments are similarly poorly sorted as
fluvial deposits. This indicates that the poorly sorted source bordering dune
deposits (GC2-4, GC5-3, YA4-2) are most likely blown out from adjacent or
nearby fluvial sediments from what was most likely the seasonally active
channel zone.
Both the Gum Creek and the Yanco palaeochannel systems present distinct
coarse-grained units between the mud bases and the overlying fine-grained
channel infills. These coarse-grained units are thought to represent bed-load
sediments that are closely related to channel activity. OSL ages of the bed-load
units have, therefore, been used to assign active phases for these channels.
Accordingly, the Tombullen reach of the Gum Creek system is considered to
have been active from 36.7 ± 2.1 to 31.9 ± 1.7 ka (n = 7) and the Yanco system
from 25.0 ± 1.8 to 19.3 ± 1.2 ka (n = 8).
The bed-load deposits of the two palaeochannel systems show similar mean
grain sizes of ~730 µm (Table 4-6) but with significantly higher maximum D90
values found for the Yanco system (26.4 mm) compared to for the Gum Creek
system (10.2 mm). Two samples from the Tombullen section of the modern
Murrumbidgee River, one from the active bed-load sediment and one from a
point bar, yielded mean grain sizes of 824 and 463 µm, respectively. In
comparison to the palaeochannels, the D90 values of the modern drainage
system are significantly less, with 1.6 mm for the bed-load and 728 µm for the
point-bar sediment. This may well be due to the limitations of the modern
dataset (n = 2) but could also indicate higher stream power regimes pushing a
coarser bed-load further downstream, as well as greater availability of, and
connectivity to sources of coarser sediments during phases of enhanced fluvial
activity throughout the active phases of these palaeochannels.
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4.6.3 Palaeochannel morphology and migrational characteristics
The modern Murrumbidgee River is a low-gradient meandering river with a
sinuosity of 1.8 and with width/depth ratios that range from 9 to 21 (wBf/dMAX;
Table 4-5). The differences in widths and radii of curvature between the modern
river and the palaeochannels all point to very different characteristics between
the present and the late Quaternary river channels (Table 4-3). The Gum Creek
and the Yanco palaeochannel systems both have dimensions (wBf and RC) that
are three to six times those of the modern system and have width/depth ratios
that range from 28 to 56 (wBf/dMAX; Table 4-2). Morphological and
sedimentological analyses show that both palaeochannel systems exhibit scroll
bars and much coarser bed material than the modern fluvial system; hence,
they are clearly part of the category “migrational palaeochannel system” as
described by Page and Nanson (1996).
To assess the potential differences in migration rates between the two
palaeochannel systems, one transect on each system is used to investigate
palaeochannel migration rates. On Tombullen reach, distinct scroll bars are
present indicating the lateral migration of the Gum Creek system. At site GC2
(Fig. 4-4 and 4-6) two of the three scroll bars are capped by 1.5-3.5 m of mud
(GC2-3 and GC2-4), however GC2-2 is capped by ~5 m of mud making the
formative processes of the scroll-bar complex difficult to resolve based on the
four cores. The thick sand sequences under GC2-3 and GC2-4 yield ages
between 34 and 60 ka respectively. This suggests an older channel sequence
dating to late MIS 4/early MIS 3 exists on the distal margin of the transect (Fig.
4-4). Also an age of 26.3 ± 1.3 ka was obtained from a thin, fine-sand unit at
5.25 m depth of the GC2-2 scroll bar. This indicates that fluvial deposition has
taken place after the enhanced fluvial activity of the Gum Creek system ceased.
Only a minimum age of >32.3 ka was obtained for the in-channel bed-load
deposits at GC2-1, which allows for the estimation of a minimum lateral
migration rate (MLAT) of 0.14 m/y between this core and the lowest recovered
units of GC2-3 (Fig. 4-4). This is similar to the Late Holocene migration rate of
the Murrumbidgee River that range from 0 to 0.1 m/y, as determined on seven
sites by Pietsch (pers. com.) and the modern migration rate of 0.11 m/y, as
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calculated by Page et al. (2003) for one site at an upstream reach near Wagga
Wagga. Although the migration rate estimated for the Tombullen reach, will be
an underestimation for the actual lateral movement, they may well be broadly
similar to those of today.
On the downstream reaches of the Yanco palaeochannel system, scroll bars
are also prominent features. However, site YA4 (Fig. 4-5 and 4-6) on
Moulamein reach shows some conflicting results with ages of channel
sediments increasing towards the central depression of the palaeochannel.
Figure 4-5 shows consistent (2σ) ages at equivalent depths throughout the 
channel and scroll-bar sequence between YA4-1 and YA4-2 suggesting a fast
lateral migration of the system. At this site, sediments of the lower scroll bar and
the lower bed-load unit of the channel gave ages of 30.3 ± 1.7 and 32.4 ± 1.7 ka
(Fig. 4-5). These coincide with enhanced fluvial activity of Tombullen reach and
indicate that this site was most likely used for flow transmission prior to the
Yanco phase. Similar ages were not evident in the upstream reaches of the
Yanco system which may reflect spatial variations of erosion and deposition
along the Yanco system or may be due to our sampling strategy.
4.6.4 Tombullen vs. Gum Creek phase
The primary focus of the Gum Creek system in this study is the Tombullen
reach, where consistent OSL ages have been determined. One sample,
collected from laterally accreted deposits downstream on Tabratong reach
(GC6, Fig. 4-1D), gave a statistically older age (44.2 ± 2.3 ka). This site is
~70 km downstream of the Tombullen reach and no drill core was obtained. A
direct link of stratigraphic units between the Tabratong site and sites on the
Tombullen reach is, therefore, not possible. If the same stratigraphic unit was
actually dated, the age for the Tabratong reach can statistically be identified as
an outlier (p<0.05). But given the distance between the reaches the old age
could indicate that a fluvial system, predating the Tombullen phase, was active
at this site. This may well be similar to the documented re-occupation of site
GC2 (Fig. 4-1D, 4-4) or alternatively, the entire reach might belong to a different
palaeochannel system. For the downstream sections of the Oolambeyan reach,
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which extends into Tabratong reach, Page and Nanson (1996) reported
sedimentary evidence and planform characteristics that classify this as an
“aggradation palaeochannel”. The transition between sinuous meander bends
to a straighter channel stretch occurs downstream of where the modern Gum
Creek leaves the course of the Oolambeyan reach. There, the Oolambeyan
reach intersects an older palaeochannel of the Kerarbury system (Fig. 4-1D).
New satellite imagery shows ambiguous indicators of whether the Oolambeyan
reach actually turns north or south. A southern turn of the Oolambeyan reach
would indicate that its downstream sections and the extension into Tabratong
reach would unlikely be part of the Gum Creek system. However, at this stage,
it is speculative whether other reaches of the Gum Creek system were active
during the Tombullen phase or whether multiple aggradational and migrational
distributary systems at various stages of activity and abandonment were active
simultaneously. Further investigation is needed to determine if this was the
case.
4.6.5 The distributary Yanco system
In contrast to the Gum Creek system, sites along three reaches of the main
course of the Yanco system were investigated and continuation of the term
“Yanco phase” as assigned by Page and Nanson (1996) seems appropriate.
However, the question as to whether enhanced discharge volumes were
simultaneously present along the Colombo and Jerilderie reaches (Fig. 4-1D)
remains uncertain in the absence of direct dating.
The Yanco system is, like the three older palaeochannel systems on the
Riverine Plain (Page et al., 1996), a distributary channel system. With the
availability of new high-resolution DEMs it is now possible to expand the
mapping of the Yanco system along the Colombo Creek active channel belt and
the upstream reaches of the Billabong Creek channel belt (Fig. 4-1D). Most
importantly, a distinct offtake heading for Lake Urana (Fig. 4-1D; Fig. S4-2)
appears within the coverage of the DEMs but the traces soon disappear on the
satellite imagery. Importantly, this might indicate a link between enhanced
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fluvial activity along the Yanco system and the high lake level stands described
for Lake Urana in MIS 3 and 2 (Page et al., 1994).
Additionally, along Billabong Creek upstream of its junction with Colombo reach
(Fig. 4-1D), the absence of a trenched floodplain belt and meander scars
suggests a negligible discharge contribution from the Billabong catchment (Fig.
4-1B) during the Yanco phase and indicates that palaeochannel remnants of the
entire Yanco system were sourced by a drainage path that is occupied by the
Murrumbidgee River at present.
4.6.6 The timing of fluvial activity in MIS 3 to 2: a regional perspective
Our findings show enhanced fluvial activity with both higher predicted
discharges and the transport of coarser sediments, during periods from ~36.7 to
31.9 ka and from ~25.0 to 19.3 ka. High discharge palaeochannels within these
age categories are also common features elsewhere on the Riverine Plain (Fig.
4-7).
For example, to the south on the Goulburn River (Fig. 4-1B), two distinct
palaeochannel systems were identified and based on stratigraphic evidence
and radiocarbon ages, two phases of enhanced fluvial activity were inferred
(Bowler, 1978b). The older phase, the Tallygaroopna Phase, was thought to
have commenced sometime before 30 ka and the channel shifted between 30
and 25 ka to the Kotupna system (Fig. 4-7). The termination of the Kotupna
system was assigned to between 16.5 and 13.5 ka (Bowler, 1978b). Channel
shaping discharges were assumed to have occurred frequently throughout both
phases and encompassing the LGM, even though direct ages were unavailable
at that time (Bowler, 1978b). Bowler’s interpretation of the Goulburn
palaeochannels closely corresponds with our findings from the Murrumbidgee.
However, the hiatus of fluvial activity inferred for the Murrumbidgee
palaeochannel has not been described for those of the Goulburn. One multi-
grain TL age of 34.4 ka (Page et al., 1991) from the Kotupna system exceeds
the previously assigned phase of activity. It should be noted that this age was
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obtained using the same technique, multi-grain TL dating that Page et al. (1996)
applied to their Murrumbidgee palaeochannel samples. It has been shown
elsewhere (Mueller et al., in prep./Chapter 3) that TL ages from fluvial archives
of the Riverine Plain need to be treated with caution.
To the north of the Murrumbidgee River (Fig. 4-1B), palaeochannel remnants of
the Lachlan River have been investigated by Kemp and Rhodes (2010). They
found that channels with larger meander wavelengths and bankfull channel
widths were able to convey 6 to 11 times modern bankfull discharge volumes. A
“more or less continuous” activity of these channels was assigned from 34 to
20 ka (Fig. 4-7). The shift towards smaller channels was inferred for the Late
Pleistocene and especially the LGM. It was proposed that regional aridity, as
suggested by the previous Murrumbidgee and Lachlan chronologies, contrasted
with river systems such as the Goulburn that were sourced in the Australian
Alps and maintained high discharge volumes throughout the LGM
(Kemp and Rhodes, 2010). On the Darling River at Tilpa, which is sourced in
northern NSW and southern Queensland, an active floodplain deposition phase


















Fig. 4-7 Ages and phases of enhanced fluvial activity as interpreted by the respective authors for
rivers of the Murray-Darling Basin. For the Murrumbidgee River, an older palaeochannel phase
(Kerarbury phase; Page et al., 1996) is indicated for completion but its timing needs reassessment (1:
Bowler, 1978b; 2: Watkins, 1992; 3: Young et al., 2002; 4: Pietsch et al., 2013; 5: Kemp and Rhodes,
2010; 6: Mueller et al., in. prep./Chapter 3; 7: Page et al., 1996; 8: Bowler, 1978a).
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sinuous meanders have been inferred to represent enhanced sediment
transport capacity at ~20 ka when the stream experienced channel avulsion and
diversion. This fluvial activity was reported to have produced discharges twice
as high as present and was replaced by a period of active lunette development
at the peak of the LGM (Bowler et al., 1978a).
In the Namoi catchment, in northern NSW, lateral migration of wide, bed-load to
mixed-load channels with discharge twice the modern rate, has been dated with
TL from 18 to 12 ka and are preserved in the Carrabear Formation (Fig. 4-7;
Young et al., 2002). These results correlate and extend a previously established
TL geochronology (26 to 13 ka) for wide palaeochannels along the Macquarie
River (Watkins, 1992; Watkins and Meakin, 1996). Furthermore, Wray (2009)
suggested the development of a large palaeochannel system downstream of
Narrabi, with meander wavelengths of one-and-a-half to two times present and
a calculated bankfull discharge of 2.3 times the present system to be
synchronous with palaeochannel systems in the Gwydir catchment. There, the
mostly parallel Kookabunna and Kamilaroi palaeochannels had been active
between 19 and 16 ka (Fig. 4-7) and remained as large, meandering single
channels with a cross-section area carrying 25 to 100 times the modern bankfull
flow (Pietsch, 2006; Pietsch et al., 2013). However, distinct evidence for fluvial
activity at the peak LGM has not been found, which has been interpreted as a
period of depressed flow, but not as total absence of riverine activity (Pietsch,
2006). A similarly competent palaeochannel system, the Coocalla system was
reported to pre-date the LGM with an activity phase from 43 to 34 ka (Fig. 4-7;
Pietsch et al., 2013).
Thus, the Gwydir and Macquarie catchment palaeochannels correspond to the
‘Yanco’ complex on the Riverine Plain to the South, whereas the absence of
‘Gum Creek’ equivalent remains was suggested to be the result of efficient
floodplain reworking by laterally active younger palaeochannel systems (Pietsch
et al., 2013).
These studies all show competent river systems either prior to, or after, the
peak of the LGM, or both. Existing LGM ages were all interpreted to indicate
decreasing discharge volumes for those catchments (Lachlan River, Darling
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River) or enhanced fluvial activity throughout the LGM was interpreted in the
absence of direct LGM ages (Goulburn River). But we have shown for the
Murrumbidgee catchment (Yanco system) that enhanced fluvial activity may has
commenced at 25 ka and lasted until at least ~19 ka, embracing the LGM. This
raises questions about the reasons for these regional differences. Problematic
dating techniques and basing interpretations primarily on dating results, with
sometimes limited consideration of whether inferred hydro-climatologic
processes are realistic, may well have contributed to these discrepancies.
4.6.7 Palaeohydrological implications
Initially, evidence for drier conditions during the LGM, as concluded from the
intensification of dune activity (e.g. Hesse, 1994; Hesse et al., 2004) and the
expansion of grasses and herbs to the detriment of woody taxa (e.g. Dodson
and Wright, 1989; Williams et al., 2006), were found for the wider southeastern
Australian region. These signals of aridity appear somehow contradictory with
records of high lake levels at a number of key sites including lakes George,
Kanyapella, Urana and Menindee (e.g. Galloway, 1965; Coventry, 1976;
Bowler, 1978b; Hope, 1983; Page et al., 1994) that occur across from the GDR
and the Riverine Plain. But phases of high lake levels in the eastern highlands
and enhanced fluvial activity in the southern catchments (Goulburn and
Murrumbidgee rivers) have been claimed to be more directly connected to cold
climate conditions influencing the highlands of the Australian Alps (e.g. Lachlan
and Rhodes, 2010). Periglacial and glacial processes, in conjunction with a
sparse vegetation cover, were concluded to have provided large quantities of
coarse sediments and the establishment of snow packs during the winter
months were thought to have triggered extensive seasonal peak flow regimes
(Bowler, 1978b; Page, 1994; Page et al., 1996). The lowering of the snowline is
suspected to have had a major influence on the quantity and timing of seasonal
snowmelt discharges (Barrows et al., 2001) as well as reducing soil




The high elevation influence has been assumed for scenarios of both increased
precipitation (Page et al., 1996) as well as stable or decreased precipitation
(Barrows et al., 2001). Reinfelds et al. (2014) recently approached the
quantification of snowmelt and evapotranspiration reductions at LGM reduced
temperatures (~9°C lower than present; Galloway, 1965) by using a simple
water balance approach for the highest elevation rivers and streams in the
Australian Alps. Reinfelds et al. (2014) estimated that modern precipitation
depths and patterns across the Australian Alps are sufficient to generate runoff
depths during the LGM that were four times greater than the modern values.
They attributed this to a modal shift in runoff regimes through snowpack
accumulation and build-up, and a large decrease in evapotranspiration.
Under the assumption that snowmelt and/or rain are directly converted into
discharge, a full day of bankfull discharge in the Murrumbidgee River
palaeochannel systems (at least 1,800 to 3,300m3/s) will equate to 57 to
104 mm/day of snowmelt and/or rainfall over all of the catchment areas above
1,200 m AHD (Fig. 4-8). These areas receive snow under current conditions
(Whetton et al., 1996) but areas of seasonal snow cover are expected to have
been significantly expanded during the LGM. A lowering of snow cover extent to
regions about 400 to 600 m lower in elevation than at present is similar to the
predicted lowering of the orographic snowline by 600 to 700 m (Galloway, 1965)
and seems realistic for the LGM. This means that 10 to 30 mm/day of snowmelt
and/or rainfall in areas above 600 or 800 m AHD may already have been
sufficient to supply enough runoff for bankfull discharges of the Murrumbidgee
River palaeochannel systems (Fig. 4-8).
This seems reasonable considering that the catchment receives on average 70
to 80 mm/month precipitation during the winter month (BoM, 2010b) that would
have been stored in snowpack and in combination with sparse vegetation cover
in the catchment, interception storage will have been decreased and runoffs
accelerated allowing for the increase in proportion of mean spring runoffs.
Chapter 4
Fig. 4-8 Palaeodischarge rates as functions of rain and snowmelt per catchment percentage.
three discharge estimate equations, as presented in Table 4
Creek system) and the Moulamein reach (Yanco system).
4.7 Concluding
The investigated palaeochannels of the Yanco and Gum Creek systems
found to be
Murrumbidgee River. These palaeochannels
larger bankfull discharge
and sediment supply. While the
presents lateral migration rates
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The palaeodischarge equations have been used to predict discharge values of
at least 1,800 to 3,300 m3/s, all of which are larger than previous estimates.
Such estimates are limited to the application of the equations themselves
(shown to over and under-predict modern discharge), highlighting the need for a
regionally developed discharge equation. But even those high values can be
explained by more seasonal runoff regimes that are governed by the snow
accumulation and delayed ablation in spring. A detailed quantification of this
effect is needed to allow palaeohydrology to be related to palaeoclimatology in




Table S4-1 Residuals calculated for discharge equations used in this study.
Fig. S4-1 Sorting, sigma values and mean grain sizes for the different
environments investigated.
Fig. S4-2 Urana-Offtake of the Yanco palaeochannel system.
Table S4-2 Reach characteristics of the Gum Creek palaeochannel system.
Fig. S4-3 DEMs and sample locations of sites on the Yanco palaeochannel
system.
Fig. S4-4 DEMs and sample locations of sites on the Gum Creek palaeochannel
system.
Table S4-1 Residuals calculated for discharge equations used in this study.
Manning (1890) Dury (1976) Ost. & Hed. (1982) Bjerklies (2007)
Q = (AR2/3s1/2)/n Q1.58 = (w Bf/2.99)
1.81 Q2 = 3.3w
1.16 QBf = 0.24w
1.64
Modern Murrumbidgee
• Sum of residuals -2,671 -2,181 -3,272 -1,198
• Residual sum of squares 1,212,708 819,660 1,177,668 286,925
• % of positive residuals 0 0 0 17
0
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Fig. S4-1 Sorting, sigma values and mean grain sizes for the different environments investigated
A: Gum Creek and B: Yanco system samples.









Gum Creek system reaches
w ell preserved meander cut-offs
channel w idth ranges betw een 130 and 370 m (mean ~230 m; n = 30)
radius of curvatures range from 240 to 1300 (mean ~710 m; n = 31)
solitary source-bordering dunes adjacent to cut-offs
few distinct meander cut-offs preserved
potential continuation of Tombullen reach along the modern Murrumbidgee River
channel w idth ranges betw een 120 and 240 m (mean ~210 m; n = 9)
radius of curvatures range from 270 to 930 (mean ~530 m; n = 13)
~60 km long, distinct palaeochannel
potential continuation of Tombullen reach branches southw estw ards
decrease of sinuosity over the river course
poor satellite imagery coverage
ambiguous w hether reach turns north tow ards the Murrumbidgee River or follow s a route south
distinct palaeochannel on the northern margin of the Murrumbidgee River
~20 km long, low sinuosity reach
potential continuation of the Oolambeyan reach
bifurcates at least tw ice
distinct palaeochannel on the northern margin of the Murrumbidgee River
potential continuation of Cumbungi reach on northern margin of the Murrumbidgee River
decrease of sinuosity over the river course
distinct palaeochannel on the northern margin of the Murrumbidgee River
decrease of sinuosity over the river course
bifurcates at least once
distinct palaeochannel on the northern margin of the Murrumbidgee River
low sinuosity reach
distinct palaeochannel on the southern margin of the Murrumbidgee River

























Chapter 5: THE PALAEOCHANNELS OF THE GOULBURN
AND MURRAY RIVERS
5.1 Introduction and chapter objectives
South of the Murrumbidgee River, palaeochannel remnants are preserved along
the Goulburn and Murray rivers (Fig. 5-1). While the lower Goulburn
palaeochannels have previously been mapped and dated by Bowler (1978b),
little is known about remnants found along the upper central Murray River.
Previous palaeochannel studies of the Murray River have focussed on the maze
of channel remnants in the area around the Cadell fault (Bowler, 1978b; Page et
al., 1991; Stone, 2006a) and the lower central Murray region downstream of the
tectonically disrupted drainage system (Kotsonis et al, 1999; Bowler et al.,
2006). In this chapter, palaeochannels of the upper central Murray River,
upstream of the fault line are investigated and previous findings of the lower
Goulburn River are assessed. New palaeochannel maps, geomorphological and
sedimentological investigations, palaeohydrological reconstructions and ages
are presented for both the Goulburn and Murray rivers. The findings of this
study are then discussed and compared to previous studies. The following
section provides an introduction to the regional setting for the Goulburn and
Murray rivers. Both river systems are located within the Murray River Basin and
emanate onto the Riverine Plain.
5.2 Regional setting
The Murray Basin is a 300,000 km2 saucer-shaped region, flanked in the
southeast by the ranges of the Australian Alps that attain a maximum elevation
of 2,228 m and is drained by the Murray River and its tributaries (for details see
Chapter 2.5; Brown and Stephenson, 1991). Major tributaries including the
Goulburn River, Campase River, Murrumbidgee River and Darling River merge
with the Murray River before it eventually drains into the Southern Ocean (Fig.
5-1 and 2-1; Rutherfurd, 1994). Tectonic uplift of the Cadell tilt block has caused
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with the Goulburn River (e.g. Pels, 1964b; Bowler, 1978b). As a result, an
extensive low
the upstream side of the tectonic fault and
Barmah-Moira forest (Rutherfurd, 1994). A maze of palaeochannels is located
in the vicinity o
on the alluvial fan deposits (Bowler, 1978b; Page et al., 1991; Stone, 2006a).
East of the fault scarp, three palaeo
Kanyapella, Little Lake Kanyapella) are preserved; the two larger ones are
traversed by the current path of the Murray River and one of them by the




Fig. 5-1 Map of southeastern Australia showing the study areas, catchments of the Goulburn and
Murray rivers and locations mentioned in the text.
2011).
Overleaf Fig.
Investigated Goulburn River reach; B: LiDAR coverage for the Goulburn River reach; C: the Tallygaroopna
palaeochannel system north of the study reach; and D: the investigated reach on the Murray
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a single-thread channel that is confined by a terraced meander belt that is cut
into the surrounding plain by the former drainage systems (Rutherfurd, 1993).
The modern, suspended-load dominated river is described as laterally stable
with natural meander cut-offs rarely occurring within the last 150 years
(Rutherfurd, 1993). This reach drains an area of ~12,000 km2, with 24% of this
at elevations above 600 m AHD. The catchment receives a mean annual rainfall
of 939 mm/y (BoM, 2010b) and is also highly regulated. The controlled water
reservoirs of lakes Eildon and Nagambie are located upstream of the
investigated reach. Natural flows are estimated to be ~3,378 GL/y (107 m3/s) for
the Goulburn River and are reduced to ~1,723 GL/y (55 m3/s) for the regulated
flows (MDBA, 2011).
The Murray River - In addition to the reach on the Goulburn River, a reach on
the Murray River, upstream of the Barmah-fan, was also investigated. There,
the suspended-load dominated modern river forms an anabranching drainage
pattern and is characterised by an abundance of billabongs on its floodplain; the
system experienced about 17 natural meander cut-offs throughout the last
century (Rutherfurd, 1994). In this section, the floodplain of the Murray River is,
similar to the study area on the Goulburn River, incised into a confining
meander belt characterised by flanking terraces formed by the former drainage
systems (Rutherfurd, 1994). A ~15 km reach between Albury and Lake Mulwala
that passes the partly-confining foothills and emanates onto the Riverine Plain
was chosen for investigation (Fig. 5-2D). The investigated reach of the Murray
River has a catchment of ~19,000 km2 with 53% of its area lying above 600 m
AHD and receives a mean annual rainfall of 1,064 mm/y (BoM, 2010b). The
catchment is highly regulated and contains several large controlled water
reservoirs, the largest of which (Lake Hume) is located upstream of the
investigated reach. Natural flows are estimated to ~5,032 GL/y (160 m3/s; data
from DPI Water, 2016) for the Murray River at Albury and have been reduced to
~4,762 GL/y (151 m3/s; OoW, 2017b) since regulation.
5.3 Previous research
Early findings about the ancestral and prior river systems (see Chapter 2.3.1)
were based on early radiocarbon ages from the Murray-Goulburn river sector
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remnants that are preserved on the uplifted block and which join the ancestral




, as well as a less competent system in the
the transition between the two, distinct
-
Pels, 1969) and were later revised by
of a new subdivision of fluvial
a morphological study (Fig. 5
Gully-Tallygaroopna and
limate was thought to be
Gully-Tallygaroopna complex






Murray River the “Green Gully complex”. Its extension can be traced from the
Cadell fault to north of Shepparton and is called the “Tallygaroopna complex”
(Fig. 5-3). The latter is partly followed by the Broken Creek and is characterised
by a 93 m wide and 12.5 m deep channel with a RC that is supposed to exceed
that of the modern Goulburn River by an order of magnitude (Bowler, 1978b).
Radiocarbon ages for a section of the Tallygaroopna complex (close to
Shepparton; Bowler, 1978b), showed the deposition of basal gravels and sands
at 29.7 ka BP (33.6 ± 2.4 cal ka BP; Table 5-1). The abandonment and infill of
this channel was dated to 23.8 ka BP (27.9 ± 1.2 cal ka BP) and 25.5 ka BP
(29.5 ± 1.5 cal ka BP). For the Green Gully complex, one age of 20.3 ka BP
(24.4 ± 1.1 cal ka BP) was obtained but groundwater contamination was
suspected and, therefore, accepted as a minimum estimate only. Bowler
(1978b) interpreted this to indicate the transition towards the next, younger,
fluvial system between ~30 and 25 ka BP.
The younger Kotupna complex is a 2 to 3 km wide belt incised into the plains
that accommodate the Tallygaroopna complex and is followed by the course of
the modern Goulburn River (Fig. 5-3). The Kotupna channels have a lower
sinuosity than its predecessors and a larger meander wavelength (~3 km;
reconstructed channel path) than its successor (Bowler, 1978b). This system is
characterised by a distinct ridge-and-swale topography and by palaeochannel
remnants that have been estimated to be ~97 m wide and between 8 and 10 m
deep (Bowler, 1978b). An age of 16.2 ka BP (19.5 ± 0.8 cal ka BP) was
obtained for charcoal fragments found in stream bed sands close to Shepparton
and two minimum ages of 13 ka BP (15.3 ± 1.1 cal ka BP) and 13.5 ka BP
(16.2 ± 1.0 cal ka BP) were found for carbonised wood and charcoal fragments
of channel sands close to the Cadell fault (Bowler, 1978b). This led Bowler
(1978b) to conclude that the Kotupna phase must have ended between ~16 and
13 ka BP, generalising the duration of the Kotupna phase to between ~25 and
15 ka BP and suggesting that the system must have operated throughout the
LGM. This was followed by a third complex, the Goulburn complex, which is
superimposed onto the two palaeochannel systems and presents similar
morphologic dimensions to the modern systems. This suspended-load
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dominated system was thought to be the last ancestral phase and is closely
related to the present Goulburn River. Charcoal from five different sites gave
ages between ~8 and 5 ka BP (~9 and 6 cal ka BP; Bowler, 1978b). The two
older palaeochannel complexes are associated with source-bordering dunes
that occur on the eastern sides of the channels and with channel bankfull
System Sample Reference Method Complex Terrace Age Age
code in this studyx ka (BP) ka cal BP*
ANU-29 Bowler, 1978 radiocarbon Kotupna nm 13.5 ± 0.3 16.2 ± 1.0
N-152 Bowler, 1978 radiocarbon Goulburn nm 6.8 ± 0.2 7.7 ± 0.3
N-153 Bowler, 1978 radiocarbon Goulburn nm 4.2 ± 0.1 4.7 ± 0.3
N-296 Bowler, 1978 radiocarbon Kotupna nm 13.0 ± 0.3 15.3 ± 1.1
N-297 Bowler, 1978 radiocarbon Kotupna nm 5.2 ± 0.1 5.9 ± 0.3
N-298 Bowler, 1978 radiocarbon Tallygaroopna terrace1 29.7 ± 1.3 33.6 ± 2.4
N-299 Bowler, 1978 radiocarbon Tallygaroopna terrace1 25.5 ± 0.8 29.5 ± 1.5
N-300 Bowler, 1978 radiocarbon Tallygaroopna terrace1 23.8 ± 0.6 27.9 ± 1.2
N-301 Bowler, 1978 radiocarbon Kotupna terrace2 16.2 ± 0.3 19.5 ± 0.8
N-302 Bowler, 1978 radiocarbon Goulburn floodplain 5.0 ± 0.1 5.7 ± 0.2
N-303 Bowler, 1978 radiocarbon Goulburn floodplain 8.1 ± 0.2 9.0 ± 0.4
N-306 Bowler, 1978 radiocarbon Green Gully nm 20.3 ± 0.5 24.4 ± 1.1
NSW-33 Pels, 1969 radiocarbon Coonambidgal II nm 9.8 ± 0.2 11.2 ± 0.6
W747 Page et al., 1991 TL Green Gully nm 93.9 ± 5.2 na
W748 Page et al., 1991 TL Green Gully nm 65.1 ± 3.6 na
W750 Page et al., 1991 TL Kotupna nm 33.1 ± 2.6 na
W751 Page et al., 1991 TL Kotupna nm 34.4 ± 4.0 na
W752 Page et al., 1991 TL Kotupna nm 30.5 ± 2.3 na
W760 Page et al., 1991 TL Green Gully nm 84.2 ± 15.5 na
W761 Page et al., 1991 TL Kotupna nm 29.8 ± 2.1 na
GG Stone, 2006 OSL Green Gully nm 47.6 ± 3.4 na
TB1 Stone, 2006 OSL Tallygaroopna nm 65.1 ± 4.1 na
TB2 Stone, 2006 OSL Tallygaroopna nm 55.6 ± 3.4 na
CH1 Stone, 2006 OSL Kotupna nm 18.2 ± 1.4 na
CH2 Stone, 2006 OSL Kotupna nm 18.0 ± 1.2 na
CH3 Stone, 2006 OSL - nm 13.9 ± 0.7 na
CH4 Stone, 2006 OSL - nm 8.8 ± 0.5 na
M urray River palaeochannel systems
ANUOD 135b Ogden et al., 2001 OSL - terrace3 25.0 ± 1.2 na
ANUOD 135c Ogden et al., 2001 OSL - floodplain 9.6 ± 0.8 na
Calemondah1 (1)Ogden et al., 2001 radiocarbon - nm 9.9 ± 0.1 11.3 ± 0.2
Calemondah1 (2)Ogden et al., 2001 radiocarbon - nm 10.7 ± 0.1 12.6 ± 0.2
* Ages w ere calibrated w ith the SHCal13.14c calibration dataset (Hogg et al., 2013). The
 midpoint w ith 2σ errors is reported for each age. Relative area under the probarbility
distributions ranged betw een 96 and 100%.
x Indication of the corresponding terrace identif ied in this study. Sites that w ere not mapped in this study are labelled as "nm".
Goulburn River palaeochannel
systems
Table 5-1 Previously published ages associated with fluvial activity as mentioned in the text.
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capacities that can accommodate 3 times the modern discharge at Shepparton
(Bowler, 1978b).
Page et al. (1991) raised doubts about the chronology presented by Bowler.
They obtained TL ages that showed that the Green Gully and Kotupna
complexes were of greater antiquity than initially proposed. TL ages between
65.1 ± 3.6 ka and 93.9 ± 5.2 ka were obtained for fluvial deposits of the Green
Gully complex and one age of 34.4 ± 4.0 ka for a fluvial deposit of the Kotupna
complex. An additional four ages that range between 29.8 ± 2.1 ka and
33.1 ± 2.6 ka were also presented for source-bordering dunes that are related to
the Kotupna complex. The TL age of the fluvial Kotupna sample obviously
predates the LGM and the authors stressed that the palaeohydrological
conditions for this period still remains unresolved.
A single-grain OSL dating study conducted by Stone (2006a), focused on the
Cadell tilt block region. An age of 47.6 ± 3.4 ka for a Green Gully channel and
ages between 55.6 ± 3.4 ka and 65.1 ± 4.1 ka were presented for a
Tallygaroopna scroll bar. This supports the TL chronology presented by Page et
al. (1991) that significantly increase the antiquity of the Green Gully and
Tallygaroopna complexes. In contrast, Stone (2006a) also obtained ages of
18.0 ± 1.2 ka and 18.2 ± 1.4 ka for a coarse-sand and gravel point-bar deposit
of the Kotupna complex. These ages are consistent with the age range
proposed by Bowler (1978b) for the Kotupna phase but younger than TL ages
presented in Page et al. (1991). At the same site, Stone (2006a) also obtained
ages of 8.8 ± 0.5 ka and 13.9 ± 0.7 ka for fluvial sands. The dated samples
mark a change in fluvial activity reflected in an abrupt decrease in grain size
and are interpreted to represent the end of the Kotupna phase. The OSL
chronology of Stone (2006a), therefore, suggests that the Kotupna complex is
associated with an activity period of a few thousand years in duration between
~18 and 13 ka ago.
The studies discussed above all focused on palaeochannels of the Goulburn
River or sections of the Palaeo-Murray River on the Cadell tilt block or the
Barmah fan. Only one study so far has attempted to date palaeochannel
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remnants of the Murray River upstream of the Barmah fan. Ogden et al. (2001)
dated a palaeochannel point bar deposit close to the modern river and obtained
an age of 9.6 ± 0.8 ka (Hickey’s palaeochannel; Fig. 5-2D). This is contrasted
by two ages of 12.6 ± 0.2 cal ka BP and 11.3 ± 0.2 cal ka BP from charcoal and
wood fragments obtained from a billabong of the modern Goulburn River. From
this, they concluded that the youngest palaeochannel system of the Murray
River was still active while the modern hydrologic system was already
established on the Goulburn River. They proposed an asynchronous response
to climate change for the Murray and Goulburn River at the Pleistocene to
Holocene transition, but indicated that either of their results could be erroneous.
They also dated a sand dune situated at the same elevation as Hickey’s
palaeochannel adjacent to the modern floodplain of the Murray River and
obtained an age of 22.5 ± 1.2 ka consistent with the peak of the LGM
(Roseleigh sand dune; Fig. 5-2D; Ogden et al. 2001).
5.4 Palaeochannel maps and geomorphology
5.4.1 Method
Bowler’s (1978b) detailed map (Fig. 5-3) of the Tallygaroopna and Kotupna
complexes of the Goulburn River that was constructed from aerial photographs,
was re-assessed using 1-m-resolution digital elevation models (DEMs) derived
from Light Imaging, Detection And Ranging data (LiDAR; absolute vertical and
horizontal accuracies of ± 0.10 m and ± 0.20 m (1σ; FSS, 2007). The DEMs are 
available for the majority of the study area (Fig. 5-2B) and the areas outside the
high-resolution elevation data coverage were examined using satellite imagery
(SPOT 5; ESRI, 2016) and the 1:250,000 Geological map of Bendigo
(VanDenBerg, 1997a).
For the investigated reach on the Murray River no palaeochannel map has been
published and a new map was produced using the 1-m-resolution DEMs
derived from LiDAR (absolute vertical and horizontal accuracies of ± 0.17 m and
± 0.50 m (1 σ; MDBC 2001). The Murray DEMs cover the entire study area (Fig. 
5-2D), but to verify the presence of locally outcropping bedrock on the DEMs,
the 1:250,000 Geological maps of Wangaratta (VanDenBerg, 1997b) and
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Jerilderie (Tuckwell, 1976) were also used. At first, to distinguish the diverse
palaeochannel systems from each other, different alluvial surfaces were
mapped along with distinctive bounding scarps. Second, areas with similar
elevations and features were grouped and classified as terrace 1 through to
terrace 3 (Fig. 5-4). The term terrace is used in the sense of “an abandoned
surface not related to the present stream” (Leopold et al., 1995). The lowest
alluvial level (terrace3) is, however, subject to flooding under the modern
(maximum) hydrological conditions and is, therefore, by definition, not
abandoned from the modern river. Yet, this terrace consists of distinct
morphological features, many of which are linear and parallel to the meander
belt (Fig. 5-4A and 5-5) and which contrast significantly with the modern
meander bends. For convenience the term terrace3 will be used to differentiate
this surface from the lowest level modern floodplain.
Palaeochannel remnants are present on all identified terraces and are named in
relation to the level they were found and the modern river they are linked to
(e.g. Murray River palaeochannels on terrace1 are called MT1 PC). Features
related to the palaeochannel remnants and the palaeochannels themselves are
referred to as systems. For palaeochannels along the Goulburn River the
terminology introduced by Bowler (1978b) was adopted for the oldest
palaeochannel system (Tallygaroopna complex). The use of term the Kotupna
complex, however, was not utilised. This term was originally used to describe a
single palaeochannel system (Bowler, 1978b) but it will be shown below that
this system can be classified into two systems with distinctly different features
on different levels. To quantify morphologic features of the identified
palaeochannel systems, radii of curvature and bankfull channel widths
(morphologically defined using the top of the channel banks), representing
floodplain inundation level were obtained at inflection points using DEMs for the
palaeochannel systems and both modern rivers (Table 5-2). The only exception
is one meander scar on the Goulburn River; at GR2 (Fig. 5-6) where a transect
was surveyed using an automatic level with elevations determined using real
time kinematics (accuracies: horizontal ± 0.013 m; vertical ± 0.037 m).
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Fig. 5-4 Comparison of DEMs and mapped units.
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A and B show a site on the investigated reach of the
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5.4.2 Results: Goulburn River
The revised palaeochannel map for a ~55 km long reach of the Goulburn River
is presented in Fig. 5-2A. Bedrock knolls are present at the most upstream
section of the study area but the vast majority is located within the Riverine
Plain (Fig. 5-1). Three different terraces (Fig. 5-2A, 5-4A and 5-4B) with related
palaeochannel systems can be delineated. The tread of terrace1 is part of the
Shepparton formation and has been described as unconsolidated to poorly
consolidated, muddy to gravelly sediments that were deposited in extensive
fluvio-lacustrine environments during the Plio- to Pleistocene (Brown and
Stephenson, 1991). On the highest terrace (terrace1), shorter palaeochannels
and meander scars are present in abundance and in vicinity to the terrace1
scarps, on both sides of the incised meander belt. About 12 km north of
Shepparton, a well preserved, partly continuous palaeochannel and a series of
meander scars trends northwards (Fig. 5-2A and 5-2C), whilst the incised
terrace belt drains north-westwards. This palaeochannel system can be traced
~60 km to the shoreline of Old Lake Barmah, a palaeolake that is situated
upstream of the Cadell fault. Adopting the terminology of Bowler (1978b) the
palaeochannel system on terrace1 is mapped as the Tallygaroopna
palaeochannel system (Tallygaroopna PC). Tallygaroopna channels are on
average 116 m wide and have a mean radius of curvature of 218 m (Table 5-2).
Occasional lunettes occur on the eastern margins of Tallygaroopna
palaeochannels north of Shepparton and along the terrace scarps extending
eastwards (Fig. 5-2A). Incised within terrace1 is an alluvial surface (terrace2)
that ranges in width from 300 m to 3 km, found 1 to 4 m below terrace1, with a
mean elevation difference of 2.6 m (number of transects used to determine
elevation differences: n = 15).
Terrace2 consists of discontinuous pockets that are present along the entire
reach and accommodate distinct meander scars (GT2 PC; Fig. 5-2A). These
prominent channel remnants are part of the Kotupna system as described by
Bowler (1978b) but will be referred to as GT2 PC. The palaeochannels have a













































































































































































































































































































































































































































































































































































































































































































Some source-bordering dunes are located either within the meander loops or on
the eastern sides of the palaeochannels. Elevation differences between the
treads of terrace2 and the incised, discontinuous terrace3 pockets vary between
1 and 4 m but are on average 2.2 m (n = 11).
On terrace3, small lunettes occur scattered on the eastern side and a ridge and
swale topography dominates the morphology (Fig. 5-2A and 5-4). These
features were formally linked to the GT2 PC scars by Bowler (1978b) but differ
significantly in appearance. The straight to meander-like ridges run mainly
parallel, about 50 to 200 m apart from each other and are up to 2.5 m in height
(Fig. 5-5). These features are limited to terrace3 and are the main differentiator
over the modern floodplain. Elevation differences between terrace3 and the
modern floodplain are often negligible with a regular lack of bounding scarp
between the two surfaces. Where scarps have developed, height differences of
up to 3 m occur with a mean of 1.5 m (n = 16) recorded. Two small meander
scars are preserved on terrace3 (GT3 PC) but not covered by the high-
resolution DEMs. Overgrowth and inundation footage on the satellite images
prevents reliable planform measurements.
The modern floodplain is 80 to 800 m wide and characterised by a dense scroll
bar pattern. It is the only level without evidence for source-bordering dunes.
Occasional billabongs are scattered along the path of the modern river and as
such present similar planform morphologies. The single channel of the modern
Goulburn River presents a mean radius of curvature of 147 m with an average
width of 73 m (Table 5-2). Elevation differences between the modern floodplain
and the highest alluvial surface (terrace1) are ~6 m at the most upstream
section of the study reach, decreasing to ~2 m at the downstream end. North of
the studied reach, the three terraces become indistinctive.
5.4.3 Results: Murray River
A palaeochannel map for a ~60 km long reach of the Murray River is presented
in Fig. 5-2D. In the upstream half of this reach, the Murray River passes
outcropping bedrock knolls before it emanates onto the Riverine Plain
downstream of Corowa (Fig. 5-1). Similar to the Goulburn River, three different
terraces (Fig. 5-2D and 5-4) with related palaeochannel systems were
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identified. The tread of terrace1 is part of the Shepparton formation and only
has a few palaeochannels on its northern side (MT1 PC). The palaeochannels
differ significantly from each other with some segments being straighter than
others. Without further investigation it remains unclear whether they are
genetically related and the mean radius of curvature of 268 m and mean width
of 195 m obtained for these channels should be considered as an estimate
based on limited evidence (Table 5-2). Dune systems are located on both sides
of the terrace but are not related to palaeochannels found on the tread of
terrace1. The dunes are found at west to southwest facing scarps of the
terraces and are oriented to the east. A meander belt is incised into terrace1
with widths ranging between 1 and 5 km but reaching up to 8 km at the junction
of the Ovens and Murray rivers (Fig. 5-2D). Elevation differences between
terrace1 and the next lower level, terrace2, range from 3 to 10 m with a mean of
5.9 m (n = 11).
Discontinuous pockets of terrace2 are equally scattered along the entire reach,
with the widest extents at the Ovens River junction (Fig. 5-2D). Only a few,
distinct meander scars are preserved on terrace2 (MT2 PC) and they show a
mean radius of curvature of 605 m and are on average 241 m wide (Table 5-2).
Occasionally dunes are present at west-facing sections of the terrace scarp,
and close to Lake Mulawala some of the dunes extend from terrace2 onto
terrace1 (Fig. 5-2D). Elevation differences between the treads of terrace2 and
the incised, discontinuous terrace3 pockets vary between 5 and 8 m with an
average of 5.9 m (n = 13).
In contrast to the ridge-rich terrace3 on the Goulburn River, the lowest Murray
terrace is characterised by a relatively smooth surface with occasional scroll bar
patterns in the vicinity of preserved meander cut-offs (MT3 PC; Fig. 5-2D). A
mean radius of curvature of 567 m and a mean channel width of 212 m was
obtained for the terrace3 palaeochannel system (Table 5-2). Lunettes are
scattered inside a few of the meander loops and one dune appears on the
eastern margin of terrace3, where the modern river cuts through. This dune is
oriented to the east and extends onto terrace1. The scarp of terrace3 is distinct
and appears 50 cm to 3 m (mean 1.4 m; n = 13) above the modern floodplain.
Chapter 5
- 145 -
The modern floodplain is 110 m to 3.5 km wide and accommodates the Murray
River channel and its anabranches. A modern mean radius of curvature of
217 m and a mean channel width of 92 m was obtained for the main channel. A
vast number of billabongs with modern channel dimensions are present on the
floodplain which is characterised by a dense scroll bar pattern. Dunes are
absent on the lowest level and the most downstream section of the studied
reach accommodates Lake Mulwala, an anthropogenic reservoir (Fig. 5-2D). A
downstream decrease in incision, as reported for the Goulburn River is not
evident for the terrace belt of the Murray River.
5.5 Palaeohydrology
5.5.1 Method
To estimate discharge volumes of the palaeochannel systems, discharge
equations of Dury (1976), Osterkamp and Hedman (1982) and Bjerklie (2007)
were used as described in 4.4.3 (Table 5-2). Bankfull channel widths (wBf) were
obtained from the 1-m DEMs (for details see Chapter 5.4.1) for the
palaeochannels (Appendix C-3 to C-7) and also for the investigated reaches of
the modern Goulburn and Murray rivers. Predicted modern discharge volumes
were compared to data from one gauging station of each investigated reach.
Cross-sections and most recent rating tables from the gauging station at
Murchison (405200, data from DELWP, 2016) and Corowa (409002; data from
DPI Water, 2016) were used to derive wBf and QBf for the modern Goulburn and
modern Murray River, respectively.
5.5.2 Results: Modern discharge
The investigated reach of the modern Goulburn River is on average 73 m wide
with mean RC of 147 m (Table 5-3). At the gauging station in Murchison (Fig.
5-2A), the mean RC value of 150 m is similar, but the channel is somewhat
wider with a wBf of 86 m. Discharge equations all over-predict bankfull
discharges compared to the gauging stations (Table 5-3). The discharge value




For the investigated reach of the modern Murray River, a mean wBf of 92 m and
a RC of 217 m were calculated. A wBf of 95 m and a mean RC of 282 m were
obtained from the gauging station at Corowa (Table 5-3). Similar to the
Goulburn River, the predicted QBf value of Bjerklie’s equation is 419 m
3/s (3%
difference; Table 5-3), consistent with the reading from the gauging station
(405 m3/s). The remaining discharge equations yielded consistently higher
values compared to the gauge reading.
Table 5-3 Bankfull channel parameters for one gauging station at the Goulburn River and one at the
Murray River. Discharges (m3/s) have been calculated using equations from the literature.
5.5.3 Results: Palaeodischarge reconstruction
A mean wBf of 116 m and a mean RC of 218 m were obtained for the
Tallygaroopna PC system of the Goulburn River (Table 5-2) and for the GT2 PC
system, mean values of 149 m (wBf) and 346 m (RC) were observed. These
measured parameters of the palaeochannel remnants exceed those of the
modern drainage system by 1.5 to 2.3 times (Table 5-2). Discharge volumes for
the Tallygaroopna PC system are estimated to between 473 and 816 m3/s while
QBf predictions for the GT2 PC system range between 875 and 1,175 m
3/s
(Table 5-2). When compared as a ratio to the modern bankfull discharge the
Tallygaroopna PC system is estimated to have had 1.7 to 2.3 times the
discharge volume of the modern Goulburn River (Table 5-2). For the GT2 PC
system, discharge volumes were calculated as being 2.3 to 3.7 times the
discharge rate of the modern river.
Goulburn River
Murchison (405200) 86.2 10.5 8.2 149.5 330 439 580 358
Murray River












For the palaeochannel system of the Murray River, mean wBF values of 195,
241 and 212 m and mean RC values of 268, 605, 567 m were obtained for MT1,
MT2 and MT3 PC systems, respectively. These parameters are 1.2 to 2.8 times
those observed for the modern Murray River (Table 5-2). Predicted discharge
volumes for the MT1 PC system range between 628 and 1,926 m3/s, for the
MT2 PC system between 1,916 and 2,829 m3/s and for the MT3 PC system
between 1,571 and 2,242 m3/s. This equates to multiples of the modern river of
1.3 to 3.9 times for the MT1 PC system, of 3.1 to 5.8 times for the MT2 PC
system and of 2.6 to 4.6 times for the MT3 PC system with the highest values of
all systems obtained using Dury’s equation (Table 5-2).
5.6 Palaeochannel sedimentology
5.6.1 Method
To obtain subsurface information for the different palaeochannel systems, two
sites along the Murray River and three sites of the Goulburn River were chosen
(Fig. 5-2A and 5-2D). Sites were located on the lowest (terrace3: MT3 PC) and
middle (terrace2: MT2 PC) terraces of the Murray River and on the highest
(terrace1: Tallygaroopna PC) and middle (terrace2: GT2 PC) terraces along the
Goulburn River. Depositional environments, including former channel
depressions as well as adjacent scroll bar features, were targeted for
investigation (Table 5-4). Nine boreholes, ranging from ~6 to 14 m in depth,
were sunk using a track-mounted “Geoprobe 7822” direct push drilling machine.
A dual tube method that ensures hole stability through continuous casing was
used. For this technique, the addition of drill mud or water while drilling was not
required. The sediments were recovered, under opaque conditions, in PVC
liners, which were opened under subdued red-light conditions. This allowed
storing one half of each core for OSL dating without exposing the sediment to
light that may reset the OSL signal. The other halves of each core were
inspected, described and samples were collected from identified discrete
sedimentological units.
Particle sizes of 410 subsamples for 87.8 m of core were determined as
described previously (see Chapter 4.4.2). Particle size results for bed-load units
are presented in Table 5-5 and records of all measured samples are presented
Chapter 5
- 148 -
in Appendix C-1 and C-2. Site-specific, geomorphological dimensions are given
in Table 5-6 and core logs are presented in Fig. 5-6 and 5-7.
5.6.2 Results: Goulburn River
At all three sites along the Goulburn River (GR1 to GR3; Fig. 5-6), cores were
obtained close to the inflection points and from the lowest point of the
palaeochannel depression. Similar to results presented for the Murrumbidgee
River palaeochannels (see Chapter 4.5.2), all Goulburn cores are characterised
by dense, mottled mud bases with erosional surfaces that separate the
overlying channel sands which are topped by fine-grained channel infill (Fig. 5-
6).
At the investigated sites of the GT2 PC system (GR1-1, GR2-1), maximum
channel depths, with respect to the former bankfull stages, of 6.0 m (dMAX; Table
5-6) were obtained. The profiles show 2.65 and 3.14 m thick units of alternating
fine to coarse sands and gravels that rest on top of a mud base and are thought
to represent the bed-load sediments. Mean particle sizes of all bed-load units
System Location Depth Depositional environment Particle size
code (m) samples
Goulbrun River PC systems
• Tallygaroopna (terrace1)
GR3-1 11.20 palaeochannel; channel deposit 57
• GT2
GR1-1 8.20 palaeochannel; channel deposit 24
GR2-1 8.20 palaeochannel; channel deposit 35
GR2-2 12.20 palaeochannel belt; former point-bar 78
Murray River PC systems
• M T2
MR2-1 8.20 palaeochannel; channel deposit 44
MR2-2 8.20 palaeochannel; channel deposit 45
MR2-3 10.20 palaeochannel belt; former point-bar 33
• M T3
MR1-1 7.20 palaeochannel; channel deposit 33
MR1-2 14.20 palaeochannel; channel deposit 61
Table 5-4 Depositional environments, core depths and numbers of analysed particle size
subsamples.
Fig. 5-6 Goulburn River sites.
GT2 (GR1; GR2) and Tallygaroopna (MR3) palaeochannel systems of the Goulburn River (data from FSS,
2007 (DEM) and ESRI, 2016 (S
For legend see Fig. 5-7.
Locations, cross
POT imagery). Main geomorphic units are labelled, for details see Fig. 5
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Fig. 5-7 Murray River sites.
MT3 (MR1) and MT2 (MR2) palaeochannel systems of the Murray River (1m DEM data from MDBC,
2001). Main geomorphic units are labelled, for details see Fig. 5
Locations, cross
- 150






Table 5-5 Grain size characteristics. Average particle sizes (µm) and depths of bed-load units of
investigated sites of the Goulburn and Murray River palaeochannel systems.
Table 5-6 Site specific dimensions of investigated palaeochannels. For depth measurements see
Chapter 4.4.2 and Fig. 4-3.
range between 571 and 898 µm and a mean D90 value of 2.1 and 5.1 mm are
reported (Table 5-5). The overlying channel infills consist of dense muds that
reach thicknesses of ~3.2 m at both locations. Soil development is limited to the
top meter of the cores which are covered with sparse ground vegetation. One
core (GR2-2), recovered from a former point bar at site GR2, presents ~12 m of
GR1-1 Min Max Mean (n = 14) MR1-1 Min Max Mean (n = 18)
Mean 103.8 5,348.3 898.7 Mean 119.2 8,328.8 2,187.5
D50 133.1 6,626.4 1,245.5 D50 127.8 25,104.4 4,314.3
D90 268.1 16,288.4 5,121.1 D90 681.1 55,215.4 18,793.9
GR2-1 Min Max Mean (n = 16) MR1-2 Min Max Mean (n = 50)
Mean 130.5 1,775.6 570.8 Mean 122.0 19,301.0 4,164.7
D50 200.5 2,784.8 764.2 D50 116.5 32,096.4 6,570.4
D90 388.5 6,125.4 2,057.7 D90 609.1 64,735.8 24,251.1
GR3-1 Min Max Mean (n = 8) MR2-1 Min Max Mean (n = 37)
Mean 121.8 772.2 318.8 Mean 90.5 3,357.7 983.4
D50 136.8 841.7 380.2 D50 41.4 9,993.8 1,458.8
D90 267.2 4,097.2 1,083.8 D90 288.1 27,331.0 6,227.9
GR3-1 (lower unit) Min Max Mean (n = 24) MR2-2 Min Max Mean (n = 38)
Mean 66.7 1,284.4 347.2 Mean 30.1 3,426.7 977.0
D50 101.3 4,288.1 530.7 D50 33.1 4,354.4 1,045.6
D90 252.1 7,626.0 1,336.4 D90 131.0 26,217.9 7,100.2
Goulburn River palaeochannel Murray River palaeochannel
System Location w Bf dMAX w Bf/dMAX
code (m) (m)
Goulburn River PC systems
• Tallygaroopna
GR3-1 72.6 3.4 21.2
• GT2
GR1-1 234.5 6.0 39.2
GR2-1 150.3 6.0 24.9
Murray River PC systems
• M T2
MR2-1 246.9 3.0 81.0
MR2-2 246.9 3.0 82.8
• M T3
MR1-1 196.9 3.5 56.2
MR1-2 318.8 4.3 74.6
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deposits mainly consisting of sands in varying sizes, which are infrequently
interbedded with layers of mud (Fig. 5-6B). The sand-sized units show mean
grain sizes between 66 µm and 1.7 mm. Of all grain size samples measured for
the GT2 PC system (n = 137), 54% have distributions with more than one
mode. Sigma values of the unimodal samples (46%) range between 1.8 to
11.5 µm indicating poorly sorted deposits. Less than 1% of the subsamples are
moderately sorted (Fig. 5-8A) and sorting generally appears to be independent
of the depositional environment.
The investigated site of the Tallygaroopna system (GR3) revealed two
sequences of stacked units with alternating coarse-sized channel sediments on
top of erosional mud surfaces (Fig. 5-6C). The upper sequence consists of a
~1 m thick, sandy bed-load unit with a dMAX value of 3.4 m (Table 5-6). Mean
D90 values range between 267 µm and 4.1 mm with a mean particle size of
319 µm (Table 5-5). This sequence is capped with a 2.3 m thick, muddy
channel infill that is interbedded by a thin, fine-sand layer and the top ~15 cm
consist of moderately sorted fine sands. A dense mud deposit of ~2.5 m
separates the two sequences. A mean particle size of 347 µm and D90 values
with a maximum of 7.6 mm were obtained for the lower, coarse-sized channel
sequence. Similar to the GT2 PC system, 49% of the measured samples
(n = 57) show distributions with more than one mode. For the unimodal
distributed samples (51%), sigma values range between 1.9 and 8.7 µm (mainly
poorly sorted) and <2% are moderately sorted (Fig. 5-8B).
5.6.3 Results: Murray River
Two sites along the Murray River were investigated; one located on terrace3
and one on terrace2 (Fig. 5-2D). At site MR1, one core was obtained from the
apex (MR1-1; Fig. 5-7D) as well as one close to the inflection point of the
palaeochannel depression (MR1-2; Fig. 5-7E). Three cores were collected from
a transect along the apex axis, extending from the channel to the former point-
bar, at site MR2 (Fig. 5-7F). As reported for other palaeochannel systems,
heavy dense mud bases are overlain by bed-load sediment units of alternating
fine- to coarse-sized sands or gravels.
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For the investigated site of the MT3 PC, the mottled mud bases show eroded
surfaces at depths of 5.4 m (MR1-1) and 14.9 m (MR1-2; Fig.5-7D and E).
Bankfull depths (dMAX) of 3.5 and 4.3 m and bed-load deposit thicknesses of 1.9
and 10.6 m were recorded for MR1-1 and MR1-2, respectively. D90 values of up
to 6.5 cm were obtained for individual units while mean particle sizes range
between 119 µm and 1.9 cm, with an average of 2.2 mm (MR1-1) and 4.2 mm
(MR1-2) for the bed-load deposits (Table 5-5). The bed-load units are capped
by 3.2 to 3.5 m of fine-grained muds with soil development occurring in the top
meter and sparse grasses cover the surfaces at both sites. Of the measured
samples (n = 94), 53% present a unimodal distribution, whereof just 1% is well
P oint Base
Bed Fill
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Fig. 5-8 Grain size characteristics. Sorting, sigma values and mean grain sizes for the different
environments of investigated samples of the A: GT2 and B: Tallygaroopna systems (Goulburn River




sorted. Sigma values of unimodal samples range between 1.2 and 4.4 µm with
a mean of 2.8 µm (Fig. 5-8C).
The two cores obtained from the palaeochannel depression on terrace2 present
similar profiles (Fig. 5-7F). They show 1.6 and 1.3 m thick units of alternating
fine to coarse sands and gravels that rest on top of the eroded mud base. A
maximum channel depth (dMAX) of 3.0 m was obtained for both cores (Table
5-6). Mean particle size for all bed-load units fall between 30 µm and 3.4 mm
and maximum D90 values of 2.7 and 2.6 cm were reported for MR2-1 and
MR2-2, respectively (Table 5-5). Dense muds of 1.6 and 1.3 m thickness overly
the bed-load deposits and show soil development in the upper meter. A core
from the former point-bar (MR2-3) consists of at least 6.5 m of muds that are
infrequently interbedded with layers of fine-sands. Underneath the muds, ~3 m
of alternating fine to coarse-sized sands and gravels with D90 values of up to
4 cm and mean particle sizes of 2 mm are present. This coarse-grained
sequence sits on top of the eroded surface of a base of mottled, dense muds
(Fig. 5-7F). For the site of the MT2 PC system, a total of 122 grain size samples
were measured with 41% presenting unimodal distributions. Sigma values for
these unimodal samples range between 1.9 to 4.8 µm but <1% are moderately
sorted (Fig. 5-8D). Sorting is, as for all investigated sample locations on the
Murray and Goulburn rivers, independent of the depositional environment.
5.7 Palaeochannel chronology
To determine the age of the investigated palaeochannel systems, a total of
eleven single-grain OSL ages were obtained; six for the Goulburn and five for
the Murray PC systems (Fig. 5-6 and 5-7). Sample material was collected from
the core halves that were strictly handled under subdued red-light conditions.
One sample from the upper most and one from the lower most bed-load
sediment unit were taken with the exception of GR3-1 and MR1-1 (Fig. 5-6 and
5-7). For MR1-1 one sample was dated and in the profile of GR3-1, a stacked
sequence of bed-load units was present, so that one sample of each bed-load
sequence was chosen for dating. The samples were prepared and measured
following the method for single-grain OSL dating described in sections 3.3.1,
3.3.2, 3.7.1 and 3.7.2. This includes the performance of preheat plateau and
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dose recovery tests, as well as the rejection of aberrant grains. Results of
equivalent doses, dose rates and the finite ages are presented at the end of this
section.
5.7.1 Preheat plateau and dose recovery tests
Samples and methods – A combination of dose recovery tests and preheat
plateau tests were conducted to determine the optimal preheat temperatures for
the samples. This will ensure that accurate dose response curves are
constructed for individual grains in the laboratory; a basic requirement for
accurate calculation of De values.
Dose recovery tests were performed on one sample from each of the GT2
(UoW1621), Tallygaroopna (UoW1691), MT3 (UoW1628) and MT2 (UoW1625)
PC systems. Individual, HF-etched grains of quartz from these samples were
bleached in sunlight for at least four days and were given a known laboratory
dose of ~70 Gy, ~90 Gy, ~60 Gy and ~140 Gy, respectively. Naturally irradiated
grains of the same samples were used for the preheat plateau tests. Five
different preheat temperature combinations were used for all samples and the
dose recovery tests for UoW1619 and UoW1628; only a single preheat
temperature combination was used for the dose recovery test for UoW1621 and
two different combinations for UoW1625. An additional higher preheat
temperature combination was added for UoW1619 to confirm a suspected
plateau region. Preheat 1 (PH1) was applied for 10 s prior to measurement of
LN and LX, whereas Preheat 2 (PH2) was applied for 5 s prior to measurement
of TN and TX (for details see Chapter 3.7.2)
Results – All dose recovery test and preheat plateau test results, including the
number of usable grains, the overdispersion value and the measured/given
dose ratios (dose recovery tests) or De values (preheat plateau tests) are
provided in Table 5-7. Radial plots of measured/given dose ratios obtained
using the optimal PH combination for each sample are presented in Fig. 5-9.
Two samples were measured from the Goulburn River palaeochannel systems.
Sample UoW1621 shows a stable preheat plateau between 160 and 220°C
Chapter 5
(PH1) and the weighted mean D
temperature combinations are statistically consistent with each other (Fig.
5-10A). A measured/given dose ratio of 1.00
PH1 = 160°C/10
temperature combination of choice for this sample. In contrast, sample
UoW1619 presents a plateau in the higher preheat range (PH1: 220
5-10B) but shows poor performance in the dose recovery test for t
temperature combinations; measured/given dose ratios range between
Fig. 5-9 Measured/Given dose ratios for individual grains shown as for dose recovery tests at the
chosen temperature combinations.
(M/G) ratio while grey bands refer to a M/G ratio of 1.0
s and PH2
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Fig. 5-10 Preheat plateau tests. A: sample UoW1621 (GT2 PC system) and B: UoW1619 (Tallygaroopna
PC system) of the Goulburn River and C: UoW1625 (MT2 PC system) and D: UoW1628 (MT3 PC system)
of the Murray River. Samples were tested using different preheat temperature (PH1) combinations. PH1
was hold for 10 s and a second preheat (PH2) of 160°C for 5 s. A PH2 of 220°C was applied when testing
a PH1 of 260°C. A weighted mean value with 2σ uncertainties is indicated for the measured De values.




































































































































































Fig. 5-11 Dose recovery performances of samples. A: UoW1619 and B: UoW1628. The samples were
































































































































































































































































0.88 ± 0.02 and 0.91 ± 0.02 (Fig. 5-11A). Results for lower preheat temperature
combinations show an improved performance in the dose recovery test with the
best measured/given dose ratio of 0.97 ± 0.02 obtained for PH1 = 160°C/10 s
and PH2 = 160°C/5 s; this represents the preheat temperature combination of
choice for this sample, similar to UoW1621. At this chosen preheat temperature
combination, both samples had De distributions that were overdispersed by
14 ± 2% (UoW1619) and 15 ± 2% (UoW1621). The measured/given dose ratios
for individual grains obtained using the PH combination for these two samples
are presented as radial plots in Fig. 5-9A and B.
Two samples were also measured for the Murray River PC systems. Sample
UoW1628 gave statistically consistent weighted mean De values using all
temperatures (Fig. 5-10D). For the dose recovery test, measured/given dose
ratios consistent with unity were only obtained for the two lowest preheat
temperature combinations (Fig. 5-11B). The higher preheat temperature
combinations significantly underestimate the given dose (PH1: 200 to 240°C
Table 5-7 Results of dose recovery and preheat plateau tests. Representative samples were
measured at different preheat temperatures. 1σ uncertainties are reported. Grey bands indicate preheat 























Goulburn River 160, 160 63 109.0 ± 4.7 31 ± 3 95 86.7 ± 1.6 14 ± 2 0.97 ± 0.02
Tallygaroopna PC 180, 160 87 105.1 ± 3.5 29 ± 3 85 85.8 ± 1.5 12 ± 2 0.96 ± 0.02
UoW1619 200, 160 111 95.4 ± 2.6 27 ± 2 103 84.2 ± 1.5 14 ± 2 0.94 ± 0.02
220, 160 79 86.7 ± 2.6 27 ± 2 94 81.4 ± 1.7 16 ± 2 0.91 ± 0.02
240, 160 75 88.8 ± 2.4 20 ± 2 141 82.0 ± 1.5 19 ± 2 0.91 ± 0.02
260, 220 120 84.3 ± 2.3 27 ± 2 133 78.8 ± 1.6 19 ± 2 0.88 ± 0.02
Goulburn River 160, 160 141 71.9 ± 1.9 29 ± 2 88 72.1 ± 1.5 15 ± 2 1.00 ± 0.02
GT2 PC 180, 160 93 69.6 ± 2.2 28 ± 2
UoW1621 200, 160 89 68.7 ± 1.6 20 ± 2
220, 160 94 68.9 ± 1.8 22 ± 2
240, 160 87 58.5 ± 1.3 18 ± 2
M urray River 160, 160 33 144.2 ± 15.1 56 ± 8
M T2 PC 180, 160 47 148.0 ± 7.4 28 ± 4
UoW1625 200, 160 63 152.7 ± 7.8 36 ± 4
220, 160 30 126.7 ± 6.5 31 ± 4 84 128.6 ± 2.9 14 ± 2 0.92 ± 0.02
240, 160 15 144.5 ± 10.9 37 ± 6 76 112.0 ± 3.6 21 ± 3 0.80 ± 0.03
260, 220 38 117.5 ± 6.8 31 ± 5
M urray River 160, 160 40 63.0 ± 3.4 31 ± 4 45 58.0 ± 1.6 14 ± 2 0.97 ± 0.03
M T3 PC 180, 160 57 67.1 ± 2.2 22 ± 3 89 58.8 ± 0.9 11 ± 2 0.98 ± 0.02
UoW1628 200, 160 66 56.3 ± 2.1 28 ± 3 53 50.9 ± 0.9 9 ± 2 0.85 ± 0.01
220, 160 61 52.2 ± 1.4 18 ± 2 38 50.7 ± 1.5 15 ± 3 0.85 ± 0.02
240, 160 61 51.8 ± 1.6 20 ± 2 50 50.2 ± 1.4 17 ± 2 0.84 ± 0.02
* The grains w ere held at the maximum temperature for 10 s (PH1) and 5 s (PH2).
Dose recovery testPreheat plateau test
Chapter 5
- 159 -
with ratios <0.85 ± 0.02). The measured/given dose ratio of 0.98 ± 0.02 and an
overdispersion value of 11 ± 2% was obtained for a combination of
PH1 = 180°C/10 s and PH2 = 160°C/5 s (Fig. 5-11B) and this represents the
combination of choice for this sample.
Sample UoW1625 gave consistent weighted mean De values of ~140 Gy for all
preheat temperature combinations (Fig. 5-10C). The weighted mean De values
for this sample likely represent an underestimation; 30-64% of acceptable
grains were saturated (Fig. 5-10C; for details on saturation see Chapter
3.7.2.4). This underestimation at a given dose of 140 Gy is also reflected in the
dose recovery test for this sample. The best measured/given dose ratio of
0.92 ± 0.02 and lowest overdispersion value of 14 ± 2% was obtained for a PH1
of 220°C/10 s and a PH2 of 160°C/5 s. This preheat combination was chosen
for dating of the sample, keeping in mind the potential effect of saturated grains
on the accuracy of De determination. The measured/given dose ratios for
individual grains obtained using the optimal PH combination for these two
samples of the Murray PC systems are presented in Fig. 5-9C and D.
5.7.2 Rejection criteria
For the Goulburn River PC systems, a total of 5,200 individual grains were
measured from six samples (Table 5-8), using the preheat temperature
combinations determined above. Prior to determination of De values, between
81% and 96% of grains per sample were identified as aberrant and were
rejected. Numbers of aberrant grains and reasons for the rejection are provided
in Table 5-8. The majority of grains were rejected because their test dose (TN)
following a laboratory test dose of ~10 Gy were to dim (TN signal <3*BG signal)
or the TN signal was imprecisely known (TN error >20%). For samples from the
GT2 PC system this amounts to between ~57% and 73% of the measured
grains and for samples of the Tallygaroopna PC system to between ~51% and
59% (Table 5-8). For one sample (UoW1620) a significant proportion (~87%) of
the otherwise acceptable grains was rejected because they were either
saturated or exhibited Class 3 grain behaviour (Yoshida et al., 2000).
For the five samples from the Murray River PC systems, 4,500 individual grains










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































final De determination. The majority of grains were rejected because they either
had a dim (TN signal <3*BG signal) or imprecisely known (TN error >20%) test
dose signal; for samples from the MT3 PC system this represents between
~74% and 77% of the measured grains and ~59% of the grains from samples of
the MT2 PC system (Table 5-8). For three samples (UoW1625, UoW1626,
UoW1629), a significant proportion (~27 to 69%) of the otherwise acceptable
grains was rejected because they were either saturated or exhibited Class 3
grain behaviour (Yoshida et al., 2000; Table 5-8).
5.7.3 De determination and results
To determine the De values for each sample, decay curves of the induvial grains
were investigated and dose response curves were constructed. Two different
types of decay curves are present in all samples (Fig. 5-12). One type reduces
rapidly to instrumental background with more than 80% of the signal measured
within the first 0.2 s of optical stimulation with the focussed green laser beam
(shown as a solid line in Fig. 5-12). The other type exhibits a much slower rate
of decay with a large proportion (~50%) of the signal still remaining after 0.2 s of
optical stimulation (Fig. 5-12). Neither type shows unusual behaviour throughout
the SAR sequence; there is no build-up of signal from measurement cycle-to-
cycle and the decay curve shapes stay reproducible from cycle-to-cycle (see
inset plot to Fig. 5-12). Neither type of grain can be linked to distinct populations
of De or D0 values (Appendix C-9). Fig. 5-13A shows a selection of decay
curves for the ten brightest grains measured for a representative sample from
each measured palaeochannel system (Table 5-8). The decay curves are those
of the test dose following the natural signal (TN) and after application of a
preheat temperature of 160°C for 5 s (PH2). The same decay curves were
normalised to directly assess their differences in shape and are shown in Fig.
5-13B.
Dose response curves for two example grains with the lowest and highest D0
values (for details see Chapter 3.7.2.4) from each representative sample are
shown in Fig. 5-13C. The samples present a degree of variability in the dose
response curves; some grains saturate at much lower doses than others. The
sensitivity corrected natural signal (LN/TN) is projected onto the dose response
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curves and De values were calculated as the intercept on the dose axis (see
Fig. 3-3).
The De values for accepted grains from all eleven samples are displayed as
radial plots in Fig. 5-14 (Goulburn River PC systems) and Fig. 5-15 (Murray
River PC systems). All radial plots are centred on the weighted mean De value
(Table 5-9) using the CAM of Galbraith et al. (1999). Grey bands indicate the
weighted mean De value or, where indicated, the minimum De value determined
using the MAM (Galbraith et al., 1999) both ± 2 standard error estimates. All
single grain De distributions are spread more widely than can be explained by
measurement uncertainties alone (i.e. overdispersion values in Table 5-9). This
can be caused by a variety of factors, such as the general effects of beta micro-
dosimetry and more specifically pedogenesis (i.e. mottling and formation of iron
coating on grains), bioturbation caused by soil microfauna and flora, natural
variability of quartz grain characteristics or heterogeneous bleaching. For
samples presented in this study, the main cause for the wide spread is most
likely due to the intrusion of grains. Post-depositional pedogenesis and
bioturbation can be observed in the stratigraphic context. The overdispersion
values range between 29 ± 2% (UoW1621) and 37 ± 3% (UoW1622) for











































Fig. 5-12 Example OSL decay curves. For grains with fast (continuous line) and a slow (dashed line)
decaying signals from sample UoW1619. The inset shows the normalised OSL decay curves for the same
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Murray River - MT3 PC system - UoW1628
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Fig. 5-13 OSL characteristics. A selection of decay curves (A) and normalised decay curves (B) for each
sample are displayed. The decay curves of the test dose following the natural signal (TN) are shown for the
brightest grains of each sample. Dose response curves for two representative example grains of each
sample are shown in C.
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Fig. 5-14
number of grains included and OD values of all Goulburn palaeochannel system samples.






rains included and OD values of all Murray palaeochannel system samples.






37 ± 3% (UoW1627) for samples from the Murray River PC systems (Table 5-
9).
The radial plots of the investigated samples (Fig. 5-14 and 5-15) show three
different types of De distributions. The first type shows no distinct De distribution
pattern; this is consistent with what is expected of samples that were completely
zeroed prior to deposition and remained largely undisturbed thereafter (e.g.
Roberts et al., 2015). This type was observed for three samples from the
Goulburn River GT2 PC system (UoW1622, UoW1623, UoW1624; Fig. 5-14)
and two samples of the MT3 PC system (UoW1627, UoW1628; Fig. 5 15). A
second type of distribution was present in one sample of each Goulburn River
PC system (UoW1621, UoW1619; Fig. 5-14). These samples show a few grains
with lower De values and may indicate the intrusion of younger grains. The third
type of De distribution was found for samples UoW1620, UoW1625, UoW1626
and UoW1629. A large proportion of grains (27–89%) in each of these samples
were either saturated or showed Class 3-grain behaviour (Table 5-8) and the
distributions are likely to be truncated.
Five of the samples from the Goulburn River PC systems gave central De
values that range between 44 ± 2 Gy (UoW1622) and 111 ± 4 Gy (UoW1619;
Table 5-9). The sixth sample (UoW1620) only had very few acceptable grains
(n = 7) that were widely spread and for which 89% of the grains were rejected
because they were either saturated or exhibited Class 3 grain behaviour (Table
5-8). The resulting De distribution of this sample (Fig. 5-14C) is, therefore, not
meaningful and a De value for age calculation was not determined.
Two of the samples from the MT3 PC system of the Murray River gave
weighted mean De values of 61 ± 3 Gy (UoW1627) and 65 ± 2 Gy (UoW1628).
The three remaining samples had between ~27% (UoW1626) and ~69%
(UoW1629) of their acceptable grains rejected on the basis of either saturation
or Class 3 grain behaviour (Table 5-8). These De distributions are likely to be
truncated and only minimum values, using the MAM was calculated (Table 5-9).
The final De values, models used and numbers of grains included in the
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































5.7.4 Environmental dose rates
Beta, gamma and cosmic-ray dose rates were obtained using the same
procedures described in 3.3. For the correction of long-term water content, the
current measured field water contents were used and assumed to be
representative for five of the samples; their measured water contents range
between ~15% and ~24% (Table 5-9). The water contents for the remaining six
samples range between ~2% and ~8% (e.g. UoW1626, UoW1623). These are
thought to underestimate the long-term average and water contents of 15%
were assumed. The impact of changes in water contents on the final ages are
shown for these samples in Appendix C-10. Special attention was given to the
three samples of the MT3 PC system (UoW1627, UoW1628, UoW1629) that all
had a significant gravel content in the gamma-sphere (30 cm radius). Gravels,
collected above and below one sample (UoW1628), gave a significantly lower
gamma dose rate of 0.28 ± 0.02 Gy/ka (U = 0.73 ± 0.04 ppm;
Th = 2.25 ± 0.32 ppm; K = 0.67 ± 0.04 %) compared to the sediment of the
sample (0.72 ± 0.08 Gy/ka). Assuming that the measured gravel dose rate is
representative for all gravels of the MT3 PC system, gamma dose rates for all
three samples were adjusted using the measured gravel gamma dose rate.
Patchiness in the distributions of gravel and the non-uniform contribution
(following Aitken, 1985) of gamma radiation within the 30-cm-sphere was
considered.
Total dose rate results are provided in Table 5-9. The two samples from the
Tallygaroopna PC systems of the Goulburn River have total dose rates of
2.91 ± 0.12 Gy/ka (UoW1619) and 2.00 ± 0.09 Gy/ka (UoW1620). While
UoW1620 has a significantly lower dose rate compared to UoW1619, most of
the sample’s grains were saturated. The accepted grains of UoW1620 did not
saturate at lower De values which may indicate that rather the antiquity of the
sample than the heights of the dose rate impacts the ability to derive a weighted
mean De value.
Total dose rates of three samples of the GT2 PC system range between
1.62 ± 0.06 Gy/ka (UoW1622) and 1.86 ± 0.08 Gy/ka (UoW1624) while one
sample shows a total dose rate of 2.89 ± 0.12 Gy/ka (UoW1621). The latter
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sample exhibits significantly higher U and Th concentrations and, therefore,
higher beta and gamma dose rates compared to the other samples of this set.
The two samples from the MT2 PC system of the Murray River have total dose
rates of 2.38 ± 0.09 Gy/ka (UoW1626) and 3.63 ± 0.15 Gy/ka (UoW1625). A
considerable number of grains from both samples were rejected because they
were saturated, this may be attributed to the comparatively high total dose
rates.
From the MT3 PC system, two samples have total dose rates of
2.00 ± 0.13 Gy/ka (UoW1627) and 2.29 ± 0.13 Gy/ka (UoW1628). A third
sample (UoW1629) shows a lower dose rate of 1.69 ± 0.12 Gy/ka and, similar
to UoW1620 of the Tallygaroopna PC system, most grains of this sample were
saturated or exhibited Class 3 behaviour and the saturation at lower De values
is not apparent. This may indicate that the antiquity of the sample rather than
the high dose rate may explain the large number of saturated grains.
5.7.5 Single-grain OSL ages
The final ages are listed in Table 5-9. Finite age estimates were obtained for
five samples collected from the Goulburn River PC systems. The samples
collected at site GR1 on the GT2 PC system (Goulburn River; GR1 and GR2;
Fig. 5-6) gave ages of 24.9 ± 1.3 ka (UoW1621) and 27.1 ± 1.6 ka (UoW1522).
Two ages of 31.4 ± 1.7 ka (UoW1624) and 35.7 ± 1.9 ka (UoW1623) were
obtained for site GR2 on the same system. On the Tallygaroopna system two
stacked bed-load sequences were dated; the upper sample gave an age of
38.0 ± 2.0 ka (UoW1619) and the lower sample could not be dated (see
Chapter 5.7.3).
Only two samples of the terrace3 PC system of the Murray River (Table 5-9)
gave finite ages. At site MR1, an age of 30.6 ± 2.5 ka was obtained for sample
UoW1627 (MR1-1) and an age of 28.4 ± 1.8 ka (UoW1628) for a sample taken
from the same meander bend (MR1-2; Fig. 5-7). A sample collected ~10 m
below UoW1628 (MR1-2) gave a minimum age of >30.7 ka (UoW1629). Finite
ages could not be obtained for either of the samples collected from the terrace2
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PC system. Minimum age estimates of >24.2 ka (UoW1625) and >29.6 ka
(UoW1626) were obtained.
5.8 Discussion
5.8.1 Goulburn River palaeochannels
Four distinct different fluvial complexes are present at the investigated reach of
the Goulburn River. Each complex is characterised by remnants of a
meandering system and separated by phases of incision (Fig. 5-2A; Table
5-10). On the highest terrace (terrace1), two sequences of fluvial activity are
recorded at one site. The older sequence remains unconstrained based on the
limited number of grains for De determination (UoW1620; GR3-1), but indicates
the long history of fluvial activity that has taken place in this area. The younger
sequence was dated to 38.0 ± 2.0 ka and is part of the Tallygaroopna system
which has left a series of meander scars and an almost continuous channel belt
north of Shepparton. This terrace has been incised, forming a meander belt with
meander scars (GT2 PC) that are wider, have bigger radii of curvature than the
Tallygaroopna system and date to 35.7 ± 1.9 ka (UoW1623) and 24.9 ± 1.3 ka
(UoW1621). Hence the incision (~2.6 m) of terrace1 (forming GT2 PC) must
have occurred fairly rapidly within 2.3 ± 2.8 ka, between ~38 to 35.7 ka. These
meander scars are associated with terrace2 and topographically separated by a
~2.2 m scarp from terrace3 and differ markedly in their appearances from
formations found on terrace3. Ages for GT3 have not been obtained but it is
evident that this level must have been incised after ~25 ka and that this alluvial
surface must have been abandoned before the onset of the modern system.
The migration of a low-sinuosity system is recorded in arrays of straight to
meander-like ridges that run parallel to each other on terrace3 and are found
along the entire reach. These ridges are similar to the planform of the modern
floodplain belt. This might indicate that the floodplain and meander belt of the
modern system occupy the fill and channel path of terrace3. The former and
most recent channel position of terrace3 will have offered the path with lowest
elevations and might have favoured the course of a less competent, modern
drainage system. The modern Goulburn River is a rather stable system with



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































channel extent might have been limited. In the absence of ages for the GT3 PC
system, there is no direct evidence for whether enhanced fluvial activity has
occurred throughout the peak of the LGM or just afterwards but it is certain that
there has been a competent fluvial system active between ~36 to 24 ka ago
(GT2 PC phase) seeing the onset of the LGM.
5.8.2 Murray River palaeochannels
Similar to the Goulburn River, four different fluvial complexes are recognized on
the investigated reach of the Murray River. Levels with preserved meander
scars are separated by the incision of subsequent fluvial systems (Fig. 5-2D;
Table 5-10). Just a few palaeochannel remnants are found on the highest
terrace (terrace1); they are incised into the Shepparton formation and likely to
be outside the dating range for quartz single-grain OSL. Terrace2 is inset within
this unit (~6 m) and only a few meander scars of MT2 are preserved with
minimum ages of >24 ka (UoW1625) and >30 ka (UoW1626). Terrace3, incised
by ~6 m, is a rather smooth alluvial surface, but with big meander scars. This
terrace was dated to between 30.6 ± 2.5 ka (UoW1627) and 28.4 ± 1.8 ka
(UoW1628) with one other sample yielding a minimum age of >31 ka
(UoW1629). This suggests that the system preserved on terrace2 should be
older than ~30 ka and that the incision of terrace3 must have occurred before
~30 ka. The ages obtained for terrace3 predate the LGM and, unlike on the
Goulburn River, no evidence for ridges or a competent fluvial system that post-
dates the MT3 channels are found. Terrace3 and the modern floodplain are,
however, separated by a very distinct scarp that indicates a phase of incision
that must have preceded the formation of the production of the scroll bar
pattern. The modern and fairly mobile anabranching river system (Rutherfurd,
1994) has reworked an up to 3.5 km wide floodplain belt and might have buried
or reworked previous palaeochannels.
Comparing the new single-grain OSL ages obtained for the Murray and
Goulburn rivers, an asynchrony of deposition and incision processes in the two
catchments is apparent (Fig. 5-16; Table 5-10). It appears that the onset of the
channel belt incision has occurred earlier on the Murray River than on the
Goulburn River; the Murray sector was already lowered by two incisional and
depositional phases to GT3
phase of incision to
catchments individually and to refrain from a general terminology for
palaeochannel systems acr
(1978b).
5.8.3 Palaeochannel sedimentology and morphology
Both the modern Goulburn and Murray rivers are low
rivers with sinuosities of 2.2 and 2.6
width/depth rat
(wBf/dMAX; Table 5
that are 1.5 to 2.8 times those of the modern river and with width/depth ratios
that range from ~21 to 83 at the inv
Fig. 5-16 Age compilation of the Goulburn and Murray Rivers.
Goulburn and Murray rivers for this study
ages are presented by circles, TL ages by triangles and radiocarbon ages by squares. Grey squares
indicate calibrated radiocarbon midpoint ages with 2
presented with 1
io of 8.2 at Murchi
-3
σ errors (see also Table 5
GT2. This asynchrony substantiates the need to assess
oss catchments as mentioned
). All palaeochannel systems have dimensions (w
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while the Goulburn reach experienc
, respectively. The Goulburn River has a
son and the Murray River of 11.7
estigated sides (w
compared with previously published ages. Single
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differences in widths and radii of curvature between the modern river and the
palaeochannels all point to very different characteristics between the present
and the late Quaternary river channels (Table 5-2), as has been previously
described.
The sediment samples are mainly characterised by multi-modal grain size
distributions (60%) or poor sorting for unimodal sample distributions (97%; Fig.
5-8; Appendix C-1 and C-2). It was shown, as for the Murrumbidgee River
palaeochannels, that sorting properties are independent of the depositional
environments for the Murray and Goulburn river PC systems. As reported for
the palaeochannel systems of the Murrumbidgee River, all four investigated
systems (GT2, Tallygaroopna, MT3, MT2) present distinct coarse-grained, bed-
load sediment units between the fines of the mud bases and the overlying fine-
grained channel infills. The bed-load deposits of these four systems differ
significantly in mean and D90 values (Table 5-5); the older PC systems on both
rivers (Tallygaroopna and MT2) have comparatively lower mean and D90 values
compared to the younger PC systems (GT2 and MT3). Mean and maximum
grain sizes for the Murray River deposits exceed those found for the Goulburn
River. Gravels of less than 2 cm (max. grain size) were found in the Goulburn
River deposits, whereas gravels from the Murray River palaeochannel reach
sizes of 3 to 6 cm. Generally, larger grain sizes found in the Murray River
deposits may be due to its vicinity to steep foothills and bedrock knolls. The
modern Murray River transports a sand-sized bed-load fraction (Rutherfurd,
1994) as found on bar deposits along the investigated reach, which is clearly
smaller than the gravel deposits found in its palaeochannel remnants. The
absence of sandy point bars on the studied reach of the modern Goulburn
River, and in reaches upstream of the controlling water reservoirs, substantiates
the suspended-load dominated regime as reported by Rutherfurd (1993) and
shows a clear change in transported grain-size from the palaeochannels to the
modern system. The comparatively larger grain-sizes and channel parameters
found at the investigated sites could indicate higher stream power regimes
and/or the availability and connectivity to sources of coarser sediments during




Predicted results for bankfull discharge, based on Dury’s as well as Osterkamp
and Hedman’s equations yielded values that appear to overestimate QBf for the
investigated reaches of both the modern Goulburn and Murray rivers. Bankfull
discharge estimate derived using Bjerklie’s equation are largely consistent with
the modern gauge readings at Murchison and Corowa (Table 5-3). However,
QBf values along a reach may vary, as has been shown for the Tombullen
section on the Murrumbidgee River (see Chapter 4.6.5). Additional gauging
data for the reaches of the Goulburn and Murray rivers was not available to
further investigate this issue. Therefore, palaeodischarge volumes as derived
using Bjerklie’s equation are thought to be reasonable and further comparisons
are based on these values.
Predicted discharge volumes (Bjerklie) of the Goulburn River PC systems are
smaller than previously published estimates. Bowler (1978b) calculated
~1,278 m3/s for the Tallygaroopna PC system. In his study, Bowler (1978b)
accounted for over- and underestimations that were found in the equation
performances for modern discharge estimations by averaging the results of
three different equations. He estimated 518 m3/s using Dury’s equation for
channel width, as used in this study, and yielded significantly higher values of
1,160 and 2,157 m3/s applying Dury’s (1976) equations for meander wavelength
(Q = (λ/32.857)1.81) and cross-section area (Q = 0.83A1.09), respectively.
Compared to the predicted modern discharge at Shepparton (388 m3/s), this
equals a multiple of 3.6, while in this study a discharge rate of 580 m3/s and a
multiple of 2.1 were estimated (Table 5-2). Bowler (1978b) further estimated
discharges for the Kotupna system of between 555 and 3,600 m3/s with an
averaged value of 1,769 m3/s (multiple of 4.6). QBf estimates of the GT2 PC
systems from this study are significantly lower (875 m3/s), but for his estimates
on the Kotupna system Bowler most likely used channel parameters of the GT2
and GT3 PC systems that precludes a direct comparison of estimates. Bowler,
however, did argue that estimates provided in his study should only to be used




Palaeodischarge values that are 2.1 to 3.6 times the modern Goulburn River QBf
and 3.5 to 4.9 times the modern Murray River QBf are predicted in this study and
the climatological plausibility of these estimates will be discussed in Chapter 6.
5.8.5 Comparison with previous findings
Bowler (1978b) assigned periods of enhanced Late Pleistocene fluvial activity
for the Kotupna and Tallygaroopna phases. Activity of the Kotupna phase was
dated to between 25 and 15 ka ago. Ages of this phase were obtained from
fluvial sediments that can be linked to surfaces identified as terrace2 and
terrace3 in this study. The Tallygaroopna phase (terrace1 in this study) was
shown to have been active before 25 ka ago (Fig. 5-16) with the oldest age of
29.7 ± 1.3 ka BP (33.6 ± 2.4 cal ka BP; Bowler, 1978b; Table 5-1) for charcoal
fragments collected close to Shepparton. A significantly older OSL age of
38.0 ± 2.0 ka was obtained for an adjacent site in the current study and may
indicate that the Tallygaroopna phase already commenced at ~38 ka ago. It has
been suspected before that contamination of radiocarbon samples with younger
carbon through groundwater may have caused an age underestimation (Bowler,
1978b; Stone, 2006a). Stone (2006a) presented even older ages of 56 to 65 ka
for a site of the Tallygaroopna complex in proximity to the Cadell fault (Fig. 5-1),
but the complicated pattern of palaeochannel systems in the region of the
Cadell fault prevents a direct link. An extensive mapping exercise is needed to
allow for an improved understanding of channels continuing onto the Cadell
block (Green Gully complex) and the faulting process.
Bowler’s (1978b) Kotupna phase is systematically younger (by ~10 ka) when
compared to the time interval presented in this study for GT2 (~36 to 24 ka; Fig.
5-16). This study supports the antiquity of the system as proposed by the TL
chronology of Page et al. (1991; ~34 ka) and suggests an earlier termination of
the Tallygaroopna phase. The difference between radiocarbon ages obtained
by Bowler (1978b), the TL ages presented in Page et al. (1991) and the single-
grain OSL ages in this study for the Kotupna phase is unlikely due to the choice
of sites. All deposits investigated in these previous studies were found in the
part of the system identified as GT2 PC. In contrast, Stone (2006a) obtained
two ages of ~18 ka for the Kotupna system from a scroll bar sequence incised
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into Lake Kanyapella sediments (Fig. 5-1). This sequence presents similarities
to features found on terrace3 and might rather be part of the GT3 PC. This
would indicate that fluvial deposition has taken place at the termination of LGM
but it remains speculative what happened during the LGM and dating of
terrace3 deposits is needed to resolve this question.
Interestingly, deposits that mark a change in the fluvial regime of the Goulburn
River were dated to ~13 ka (Fig. 5-16, Table 5-1; Ogden et al., 2001; Stone,
2006a). In contrast, an alleged palaeochannel (Hickey’s palaeochannel) of the
Murray River yielded an age of ~9.6 ka (Fig. 5-2D) and was thought to indicate
the later onset of Holocene fluvial conditions on the Murray River (Ogden et al.,
2001). Assessing the morphometrics and position of this palaeochannel using
the high resolution DEMs, it is apparent that this remnant resembles features of
the Holocene floodplain (radius of curvature and apex channel width) and might
rather show that the Holocene fluvial activity was already established by ~10 ka
on the Murray River as previously proposed by Pels (1969; 9.8 ± 0.2 cal ka BP;
11.2 ± 0.6 cal ka BP). An asynchronous response to climate change of the two
rivers at the Pleistocene-Holocene transition seems speculative and requires
further work.
No direct fluvial ages were previously obtained for the investigated reach of the
Murray River, but a dune adjacent to the channel (terrace3; Fig. 5-2D) was
dated to 22.5 ± 1.9 ka (Ogden et al., 2001). The dune deposition is younger than
ages obtained for the MT3 PC system (between ~27 and 29 ka) and indicates
the availability of sediments at this time either by getting exposed through the
incision of terrace3 or the seasonal exposure of point bars belonging to a
competent system that post-dates the MT3 PC system and that might be buried
underneath the modern floodplain.
5.9 Conclusion
The investigated palaeochannels on the Goulburn and Murray rivers provide
evidence for regimes of larger bankfull discharge (2 to 6 times the modern QBf)
stemming from significant changes in runoff volumes and sediment supply. Four
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alluvial surfaces were identified for both systems but an asynchrony of
deposition and incision processes in the two catchments is apparent.
The Tallygaroopna system was found to have been active on the highest
terrace of the Goulburn River before 38 ka while palaeochannels on the next
and younger terrace were dated to ~36 to 24 ka ago (GT2 PC phase; terrace2).
The GT2 PC system was previously thought to have been active during the
LGM and was unwittingly assumed to be part of the next lower alluvial surface.
In the absence of ages for the GT3 PC system (terrace3), there is no direct
evidence for whether enhanced fluvial activity has occurred throughout the peak
of the LGM or just afterwards but it is certain that there has been a competent
fluvial system active between the LGM and the onset of the Holocene.
On the Murray River, the terrace3 alluvial system (MT3 PC) was synchronous
with the terrace2 system on the Goulburn River at 30 to 28 ka, while no finite
ages were obtained for terrace2 on the Murray River. The ages obtained for
terrace3 predate the LGM and, unlike on the Goulburn River, no evidence for
ridges or a competent fluvial system that post-dates the MT3 channels are
found on the Murray River. Terrace3 and the modern floodplain are, however,
separated by a very distinct scarp that indicates a phase of incision that must
have preceded the formation of the production of the scroll bar pattern.
Further research on the lowest terraces of the Goulburn River (GT3) and the
modern floodplain of the Murray River are needed to unravel any possible LGM
deposits. It remains speculative whether there has been enhanced fluvial
activity during the LGM and whether conditions in the Murray and Goulburn
river catchments triggered the same hydrologic response during this time.
Regional implications of the findings for the Murray and Goulburn rivers are
discussed in Chapter 7.
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Chapter 6: FROM PALAEOCLIMATOLOGY TO
PALAEOHYDROLOGY
6.1 Introduction and chapter objectives
Previous studies have stressed various reasons to explain the causes for
enhanced fluvial activity during the LGM, including changes in precipitation,
evaporation, transpiration and strength of seasonality (see Chapter 2.4). The
latter has been associated with the accumulation or build-up of snowpack in
high altitude areas during the winter months and the collective melting in spring,
triggering extensive seasonal peak flows (e.g. Bowler, 1978b; Page et al.,
1996).
In this chapter, a modelling approach is used to quantify the likely contribution
of snowmelt and rainfall to mean monthly runoff during the LGM. Catchment
wide potential snowpack build-up, snowmelt and rainfall depths are modelled
and the sum of monthly rainfall and snowmelt depths derived. The latter is by
definition the maximum potential runoff depth as precipitation is entirely
converted into runoff. However, runoff losses may occur through transpiration,
soil evaporation, canopy evaporation, interception storage and groundwater
recharge. The modelling approach applied here is based on a simple water
balance that only accounts for evapotranspiration losses and the negligible
rates of evaporation from snow covered areas as shown by lysimeter studies in
Sweden and the USA (Bengtsson, 1980; Allen, 1996).
The temperature decreases for the Australian continent, at and before the LGM,
are estimated to range between -6 to -10°C (Galloway, 1965; Costin, 1972;
Coventry, 1976; Miller et al., 1997, Chang et al., 2015). This range of 4°C is
likely to cause a high variability in modelled monthly outputs of catchment snow
water equivalent (SWE) depth and the relative proportions of snowmelt and
rainfall runoff across the Great Dividing Range. Therefore, results in this chapter
are shown and discussed for a range of palaeo-temperature scenarios.
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Model outputs are assessed for catchments investigated in this thesis (i.e.
Murrumbidgee, Murray and Goulburn rivers) which drain the high elevation
areas of the Great Dividing Range. It has been suggested by Kemp and Rhodes
(2010) that seasonal runoff regimes during the LGM were mainly linked to those
catchments draining the Snowy Mountains and the Victorian Alps rather than to
catchments further north of the Murrumbidgee River. To test this hypothesis
other catchments across a latitudinal transect along the Great Dividing Range
(Lachlan, Macquarie, Namoi, Gwydir, Severn and Dumaresq rivers) are
assessed as well.
To assess how snowmelt might have influenced common rainfall events during
spring in the LGM, low intensity rainfall scenarios are modelled and compared
to the derived palaeochannel bankfull capacities (see Chapter 4.61, Chapter
5.8.4).
6.2 Methods
6.2.1 The snow accumulation model
The Galloway snow accumulation and melt model, reconstructed from
published literature for use in ArcGIS by Ivars Reinfelds (pers. comm.), was
applied to reconstruct LGM runoff under reduced temperature regimes while
assuming current precipitation regimes. The model (Fig. 6-1) is based on the
idea that precipitation that falls as snow and does not melt is restrained from
direct (monthly) runoff through storage in a snowpack, measured as SWE depth
(mm). Melting of the snowpack, in combination with the proportion of
precipitation falling as rain, alters the distribution of monthly runoff volumes and
leads to amplification of seasonal increases (through SWE melt) and decreases
(through SWE build-up) of runoff.
For the model, the Australia-wide 30-year (1961-1990) monthly averages of
mean rainfall (BoM, 2010b), mean temperature (BoM, 2006a) and min and max
temperature (BoM, 2005d, 2005e) records are fed, in grid format (details of
grids in Jones et al., 2009), into an ArcGIS (ESRI) script. Snow day
temperatures and percent of precipitation falling as snow (Whetton et al., 1996,















































































































































































































































































































































































































































































































































































































































































































































































































































































































































1984), albedo factors (Schreider et al., 1997) and potential ablation (Whetton et
al., 1996) are derived for each month following equations established for the
region. Consequently the percentage of precipitation falling as snow and rain,
depth of potential snowfall and rainfall, depth and area of snowpack build-up,
depth of snowpack melt and a combination of rain and snowmelt (rain-plus-
snowmelt) are calculated in the model for each month. Output grids of
snowpack build-up as SWE depth (mm) and the sum of rain-plus-snowmelt
depth (mm) are projected as GDA94 Australian Albers (equal-area conic
projection) with cell sizes of ~2.8x2.8 km to obtain integrated values of the
mentioned parameters for the investigated catchments of the Murrumbidgee,
Murray and Goulburn rivers as well as for catchments further north in the MDB
(Lachlan River, Macquarie River, Namoi River, Gwydir River, Severn River,
Dumaresq River).
The model was run at four different temperature scenarios for one year each,
with each modelled year starting in March, to allow for maximum summer
snowmelt during the LGM scenarios. A modern day temperature scenario
(without changes to the temperature grid; (1)), and scenarios with uniformly
decreased temperatures of -6.5°C (2) following the summer temperature
decrease of Chang et al. (2015), and at -9°C (3) following Galloway (1965) and
Miller et al. (1997) were run. Finally, an additional, seasonal scenario (4) that
incorporates a decrease of -9°C in winter and -6.5°C in summer was also
modelled, following modern temperature curves for Australia. For the latter
scenario, temperature variations over the year were modelled by obtaining
fourth degree polynomial regressions for the monthly average min, max and
mean temperatures over the area of the entire continent (Fig. 6-2) and an
average of these regressions was calculated (Fig. 6-2; grey line). The modern
temperatures (min, max, mean) fluctuate between 7.8 and 12.6°C, with a mean
fluctuation of ~10°C, but the intended LGM scenario is aimed to increase the
amplitude of this fluctuation by 2.5°C (from -6.5 in summer to -9°C in winter).
Hence the modelled regression needed to account for this increased amplitude.
In accordance with this regression, a scenario was created using 0.5°C-steps
(Fig. 6-2; black line). Scenario (4) and the regression it is based on, correlate
well with R = 0.99 (Table 6-1).
Chapter 6
- 183 -





Jan -6.5 -6.67 -0.17
Feb -6.5 -6.43 0.07
M ar -7 -6.83 0.17
Apr -7.5 -7.51 -0.01
M ay -8 -8.19 -0.19
Jun -8.5 -8.65 -0.15
Jul -9 -8.81 0.19
Aug -8.5 -8.61 -0.11
Sep -8 -8.13 -0.13
Oct -7.5 -7.49 0.01
Nov -7 -6.92 0.08
Dec -7 -6.73 0.27
Table 6-1 Scenario (4) seasonal temperature decrease (in °C). In comparison with an equation derived




y = -0.0157x4 + 0.3745x3 -2.519x2 + 3.6835x + 4.5552
R ²= 0.9935
y = -0.0128x4 + 0.3246x3 -2.4707x2 + 5.1954x + 30.455
R ²= 0.9602
y = -0.0135x4 + 0.3344x3 -2.4238x2 + 4.4789x + 17.929
R ²= 0.9888



















































Fig. 6-2 Modelling of temperature scenario (4). Monthly, modern A: max (red), B: mean (green) and C:
min (blue) temperature fluctuations over Australia. The modelled temperature reduction scenario (4) with –
9°C in winter (July) and –6.5°C in summer (January, February) is shown in black (D), while the mean




To verify the model, it was run using the 30
temperature manipulation (scenario (1))
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measurements of the sn
Creek (1,585
Snowy Hydro Limited, 2016b).
Fig. 6-3 Locations of the modern Snowy Hydro snowpack measurement sites.
by the BoM (data from BoM, 2016) to derive the 30
dots and the modelled, modern snowpack at the end of August is s
measurements of snowpack build
over the snow season
m AHD) and Three Mile Dam (1,460
ow courses at Spencers Creek (1,830
- 184
-year average for mean rainfall are indicated by black
-
-year mean temperatures without



















6.2.3 Palaeo-temperature scenario verification
To verify snowpack simulation at different temperature scenarios, modelled
snowpack was compared to areas of known palaeo-glacial extent. Glacial
growth can occur when snowpack outlasts the ablation period of a year and is
carried over into the next winter period. Therefore, snowpack residuals at the
end of the modelled year (February) for all three palaeo-temperature scenarios
were compared to mapped areas with evidence of palaeo-glaciation (Barrows et
al., 2001, 2002).
6.2.4 Potential runoff
Model outputs of monthly SWE depth, percent of the catchment area impacted
by snowpack build-up and the sum of rainfall and rain-plus-snowmelt depths are
reported for the investigated catchments for the modern (1) and the three
palaeo-temperature scenarios.
To estimate modern evapotranspiration losses occurring within the catchments,
mean monthly natural flow data and mean monthly precipitation (1961-1990)
were used in a simple water balance where
Runoff = Precipitation - Evapotranspiration
with the assumption that under long-term mean annual conditions changes in
soil moisture storage and groundwater recharge are negligible.
To assess modern losses to runoff, natural or unregulated flow data (average
from 1961 to 1990) was obtained from the Integrated Quantity Quality Model
(IQQM; data from DPI Water) and from modelling undertaken for the CSIRO
Murray-Darling Basin Sustainable Yields Project (Hartcher and Lemon, 2008).
This hydrologic model allows for the assessment of modern flow data by
excluding irrigation diversions and dam storage effects that influence gauged
flow data. The model accounts for direct hydrologic disturbances but other
factors influencing runoff regimes like land-use and vegetation changes are not
considered. The modelled, natural flow data were obtained for eight of the nine
catchments with the following gauging stations: Dumaresq River @ Bonshaw
Weir (416007), Severn River @ Ashford (416006), Gwydir River @ Gravesend
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(418013), Namoi River @ Boggabri (419012), Macquarie River @ Baroona
(421127), Lachlan River @ Nanami (412057), Murrumbidgee River @
Narrandera (410005) and Murray River @ Albury (409001; Fig. 6-4).
Modelled, natural flow data for the investigated part of the Goulburn River was
not able to be obtained from Victorian Government agencies during the course
of this thesis. However, natural flow data (average from 1895 to 2009; MDBA,
2012) for a gauging station downstream of the investigated catchment on the
lower Goulburn River (Goulburn @ McCoys Bridge (405232); Fig. 6-4) is used
to assess trends in the Goulburn catchment.
Fig. 6-4 Major regional rainfall zones and locations of investigated catchments in the MDB. A:
Dumaresq River; B: Severn River; C: Gwydir River; D: Namoi River; E: Macquarie River; F: Lachlan
River; G: Murrumbidgee River; H: Murray River; I: Goulburn River. Gauging stations are denoted with
black dots and the inset shows locations mentioned in the text: 1. indicates the Flinders Ranges and 2.
















To estimate potential runoff rates (Fig. 6-1), it is assumed that present-day
evapotranspiration losses occurred in similar quantities (%) during colder
periods in parts of the catchments that were free of snow cover. As it is known
that a snow cover is a major reducing agent of evaporation and transpiration
and will have had a significant impact on palaeo-evaporation losses during the
LGM, proportions of the catchments affected by snow cover are assumed to
have had negligible evapotranspiration losses.
6.2.5 Runoff from low intensity rainfall events
The 30-year (1961-1990) monthly averages of days with rainfall exceeding
10 mm (BoM, 2007b) and 25 mm (BoM, 2007c) were used to derive the
catchment area that receives 10 or more mm rainfall during October (spring). A
minimum low intensity rainfall event with 10 mm was then modelled for the
catchments of the Murrumbidgee, Goulburn and Murray rivers under the
assumption that the entire catchment received 10 mm of rainfall during an event
(Fig. 6-5A).
Some areas of the catchments, mostly the higher elevations, regularly receive
rainfall events that exceed 25 mm. Therefore, a second scenario was modelled
which accounts for those areas with higher rainfall amounts by assuming a
rainfall event of 25 mm while the rest of the catchment was thought to have
received 10 mm of rainfall (Fig. 6-5B).
According to 6.2.4, modern evapotranspiration losses were applied to the
received rainfall over snow free areas while those losses are assumed to be
negligible for areas with snow cover. The resulting rainfall amount together with
a mean daily snowmelt in October for the three palaeo-temperature scenarios is
then compared to palaeochannel capacities derived in previous chapters.
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Fig. 6-5 Spatial distribution of modern low intensity rainfall events. Rainfall events exceeding 10 mm
(top) occur in all investigated catchments (A: Murrumbidgee River; B: Murray River; C: Goulburn River)
while events greater than 25 mm (bottom) mainly occur in areas of higher elevation.
6.3 Results
6.3.1 Model verification
A comparison between measured and modelled SWE depths at the end of each
month is presented in Fig. 6-6 and Table 6-2. For the 30-year average
(1961-1990), the model consistently predicts lower SWE depths for months with
snowfall records. In months with more than 0 mm but less than ~54 mm
measured SWE depths, the model calculates the absence of snowpack build-
up, for all three measurement stations. During snow peak season (July –
September), SWE depth underestimations of up to ~263 mm (Spencers Creek;
1,830 m AHD) and ~166 mm (Deep Creek; 1,585 m AHD) are recorded while
up to ~66 mm are over-predicted for Three Mile Dam (1,460 m AHD). It appears
that with the altitude of the measurement station, the underestimation of the
10 mm rainfall event




































Spencers Creek - measured
Spencers Creek - modelled
Deep Creek - measured
Deep Creek - modelled
Three Mile Dam - measured
Three Mile Dam - modelled
SWE
depth (mm) measured modelled measured modelled measured modelled
Jan 0.0 0.0 0.0 0.0 0.0 0.0
Feb 0.0 0.0 0.0 0.0 0.0 0.0
M ar 0.0 0.0 0.0 0.0 0.0 0.0
Apr 5.5 0.0 3.4 0.0 1.5 0.0
M ay 53.2 0.0 30.7 0.0 5.4 0.0
Jun 218.2 142.5 96.2 57.6 33.0 0.0
Jul 516.0 329.5 292.6 194.9 101.0 143.1
Aug 784.7 522.1 464.3 354.8 115.3 181.0
Sep 819.7 594.2 304.4 138.9 16.6 0.0
Oct 317.3 99.5 16.1 0.0 0.0 0.0
Nov 4.9 0.0 0.0 0.0 0.0 0.0
Dec 0.0 0.0 0.0 0.0 0.0 0.0
Three Mile DamSpencers Creek Deep Creek
Table 6-2 Measured and modelled SWE depth at the end of each month. Measured data shows the
30-year average (1961-1990) for three sites in the Snowy Mountains (data from Snowy Hydro Limited,
2016b).
Fig. 6-6 Measured and modelled SWE depth at the end of each month. Measured data shows the 30-




model increases. However, the modelled increase and decrease of snowpack
build-up throughout the year mimics results obtained from field measurements
and strong, positive correlations (R = 0.97 to 0.99) are obtained for all three
sites.
6.3.2 Modelled snowpack and palaeo-temperature scenario verification
Predicted snowpack residuals at the end of the model year (February) are
presented in Fig. 6-7. Areas with residual snowpack are solely forecasted for
Tasmania and the Australian Alps at all three palaeo-temperature scenarios.
These are broadly consistent with areas where glacial evidence have been
reported for and dated to the LGM (e.g. Barrows et al., 2001, 2002).
At a temperature reduction of -9°C (scenario 3), the model predicts snowpack
that lasts into the following year for peaks in the Australian Alps (e.g.
Murrumbidgee River catchment) that have not been reported to show evidence
for glaciation. For example, it is predicted that an extensive area around Mount
Feathertop would have permanent snow in this scenario but no glacial or
periglacial evidence has been reported for this area. Further discrepancies
appear in Tasmania, with snowpack residuals north-west of Cradle Mountain
and north of Ben Lomond (Fig. 6-7).
Predictions for temperature scenario (2) with -6.5°C and the seasonal scenario
(4) agree well with the confined area of glacial evidence found around Mount
Kosciusko in the Australian Alps and for Tasmania. But an extensive area of
glacial evidence around Mount Ossa in Tasmania is less well represented in the
modelled output. Few pixels in the north and south of this area are predicted
with no snowpack residual for scenario (4), whereas scenario (2) predicts a
larger area to have remained snow free (Fig. 6-7).
In Table 6-3, SWE depths for each month and quantities of snow that could last
into the second year that would allow for glaciation in the catchments of the
Murray, Goulburn and Murrumbidgee rivers are presented. In temperature
scenario (3), about 11 mm or 197,282 ML of frozen water are predicted to last
into the second year in the Murray catchment, the only catchment on mainland





Previous Page Fig. 6-7 Snowpack water depth at the end of the modelled year (February) and
known LGM glacial extents. Snowpack that outlasts the year is needed to allow for glacial growth. The
three modelled scenarios are shown with glacial deposits after Barrows et al. (2001, 2002).
Table 6-3 Modelled SWE depth at the end of each month. The amount of snowpack that will outlast the
first month of a following year are indicated.
this scenario snowpack residuals are also predicted in the Murrumbidgee
catchment where no glacial evidence has been reported. For scenario (4), just
the Murray catchment is predicted to preserve ~0.13 mm or 2,413 ML of water
stored in snowpack, a magnitude less than scenario (3) and a magnitude more
than scenario (2), whereas all snowpack of the Goulburn and Murrumbidgee
river catchments will have thawed by the end of the modelled year.
Maximum snowpack extent is predicted for July (Table 6-4; Appendix D-2) with
the highest amounts of frozen water stored in the landscape in August (Fig.
6-8), for all four temperature scenarios. The occurrence of snow in the modern
scenario (1) is confined to elevations above 1,000 m; for scenario (2) snow
cover is predicted down to elevations of ~500 m and for scenarios (3) and (4)
areas as low as ~200 m are forecasted to exhibit snow cover in August. The
two latter scenarios also allow for snowpack build-up in areas of the Flinders
Ranges and in western Australia, around Perth. All three palaeo-scenarios
predict substantial areas of the Australian Alps and Tasmania to have been
M urrumbidgee River catchment (35,281 km 2 )
Scenario (1): modern 0.0 0.0 0.0 0.2 1.9 2.5 0.6 0.0 0.0 0.0 0.0 0.0 0.00
Scenario (2): -6.5°C 0.0 0.1 6.7 23.6 51.3 72.4 63.4 33.2 9.3 0.6 0.0 0.0 0.00
Scenario (3): -9°C 0.0 2.2 17.4 47.8 100.6 136.0 124.2 84.5 44.1 12.5 2.0 0.5 0.48
Scenario (4): seasonal 0.0 0.4 11.4 38.4 91.2 120.0 98.3 53.0 16.6 1.8 0.1 0.0 0.00
M urray River catchment (18,559 km 2)
Scenario (1): modern 0.0 0.0 0.0 3.5 13.8 19.2 12.1 0.7 0.0 0.0 0.0 0.0 0.00
Scenario (2): -6.5°C 0.0 1.2 20.8 66.7 149.4 211.1 189.9 120.5 57.2 18.2 1.7 0.1 0.03
Scenario (3): -9°C 0.1 6.9 50.4 126.1 244.4 346.5 341.6 253.7 159.3 78.2 30.6 13.7 10.63
Scenario (4): seasonal 0.0 3.0 36.4 106.0 224.4 316.7 282.8 179.4 81.9 28.9 3.3 0.3 0.13
Goulburn River catchment (11,817 km 2 )
Scenario (1): modern 0.0 0.0 0.0 0.0 0.8 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.00
Scenario (2): -6.5°C 0.0 0.0 6.1 29.9 75.2 102.5 85.5 30.0 4.9 0.0 0.0 0.0 0.00
Scenario (3): -9°C 0.0 0.8 24.0 84.5 179.4 249.0 227.9 134.6 58.8 9.6 0.4 0.0 0.00
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Dumaresq River (7,249 km 2 ) #####
Scenario (1): modern 0 0 0 0 0 0 0 0 0 0 0 0
Scenario (2): -6.5°C 0 0 0 0 1 0 0 0 0 0 0 0
Scenario (3): -9°C 0 0 0 4 27 9 1 0 0 0 0 0
Scenario (4): seasonal 0 0 0 4 27 6 0 0 0 0 0 0
Severn River (3,213 km 2 ) 3213
Scenario (1): modern 0 0 0 0 0 0 0 0 0 0 0 0
Scenario (2): -6.5°C 0 0 0 1 4 1 0 0 0 0 0 0
Scenario (3): -9°C 0 0 0 10 50 21 5 0 0 0 0 0
Scenario (4): seasonal 0 0 0 7 50 14 2 0 0 0 0 0
Gwydir River (11,024 km 2 ) 11024
Scenario (1): modern 0 0 0 0 0 0 0 0 0 0 0 0
Scenario (2): -6.5°C 0 0 0 0 2 1 0 0 0 0 0 0
Scenario (3): -9°C 0 0 0 15 41 26 4 0 0 0 0 0
Scenario (4): seasonal 0 0 0 7 41 23 1 0 0 0 0 0
Namoi River (22,833 km 2 ) 22833
Scenario (1): modern 0 0 0 0 0 0 0 0 0 0 0 0
Scenario (2): -6.5°C 0 0 0 1 6 2 0 0 0 0 0 0
Scenario (3): -9°C 0 0 0 14 29 20 7 0 0 0 0 0
Scenario (4): seasonal 0 0 0 11 29 17 3 0 0 0 0 0
M acquarie River (25,623 km 2 ) 25623
Scenario (1): modern 0 0 0 0 0 0 0 0 0 0 0 0
Scenario (2): -6.5°C 0 0 0 1 5 2 0 0 0 0 0 0
Scenario (3): -9°C 0 0 0 12 26 18 6 0 0 0 0 0
Scenario (4): seasonal 0 0 0 9 26 15 3 0 0 0 0 0
Lachlan River (16,056 km 2 ) 16056
Scenario (1): modern 0 0 0 0 0 0 0 0 0 0 0 0
Scenario (2): -6.5°C 0 0 0 2 9 3 0 0 0 0 0 0
Scenario (3): -9°C 0 0 1 19 41 28 10 0 0 0 0 0
Scenario (4): seasonal 0 0 0 15 41 24 5 0 0 0 0 0
M urrumbidgee River (35,281 km 2 ) 35281
Scenario (1): modern 0 0 0 0 3 2 0 0 0 0 0 0
Scenario (2): -6.5°C 0 0 8 27 40 32 21 9 3 0 0 0
Scenario (3): -9°C 0 5 24 59 82 68 44 22 11 4 1 0
Scenario (4): seasonal 0 1 16 51 82 64 34 15 5 0 0 0
M urray River (18,559 km 2 ) 18559
Scenario (1): modern 0 0 0 3 8 6 3 0 0 0 0 0
Scenario (2): -6.5°C 0 2 18 54 75 64 41 21 9 3 0 0
Scenario (3): -9°C 0 8 42 90 99 96 77 44 26 11 4 2
Scenario (4): seasonal 0 4 31 82 99 94 65 31 14 4 1 0
Goulburn River (11,817 km 2 ) 11817
Scenario (1): modern 0 0 0 0 1 0 0 0 0 0 0 0
Scenario (2): -6.5°C 0 0 6 26 44 34 20 8 2 0 0 0
Scenario (3): -9°C 0 2 23 80 100 86 60 28 14 3 0 0
Scenario (4): seasonal 0 0 16 66 100 79 46 16 4 0 0 0
Jul Aug Sep Oct
Snowcover
(%)
M ar Apr M ay Jun Nov Dec Jan Feb
Table 6-4 Percent of modelled snowpack for each catchment. The total catchment areas are given in
brackets.
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Fig. 6-8 Modelled SWE depths at the end of August for all scenarios.
shown on the
the highest snowpack build
Goulburn River catchment).
left and local conditions of the Australian Alps on the
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covered in snow. This means that up to between 27 and 100% of the
investigated catchment areas might have been under snow cover for at least
one of the winter months (e.g. July; Table 6-4). Predictions for the
Murrumbidgee, Murray and Goulburn rivers show that ~40% of the catchments
featured snowpack for four continuous months with up to ~350 mm water stored
(Table 6-3).
6.3.3 Modelled rain-plus-snowmelt depth
In Fig. 6-9, the predicted monthly mean rain-plus-snowmelt depths of the
investigated catchments (Fig. 6-4) along the Great Dividing Range are
presented. For the modern scenario (1), mean precipitation is directly converted
into rain-plus-snowmelt by the model, except for those catchments that receive
enough snow in the winter month to influence the flow regime (e.g. Murray and
Murrumbidgee rivers; Fig. 6-9G to H). For scenarios (3) and (4), an increase of
seasonal strength with increasing latitude is demonstrated through the model;
the influence of snowpack build-up is effectively changing the rain-plus-
snowmelt regimes of the Macquarie River and catchments south of it (e.g.
Murrumbidgee River; Fig. 6-9E to I). These enhanced seasonal regimes are
characterised by depressed runoff curves in autumn and winter (beginning in
May) and the onset of substantially enhanced monthly rain-plus-snowmelt
depths commencing in September (Fig. 6-9E to G) or October (Fig. 6-9H to I).
An impact of scenario (2) onto the rain-plus-snowmelt regimes only appears in
the four southernmost catchments (e.g. Murray River Fig. 6-9F to I).
Catchments with currently winter dominated runoff regimes (e.g. Murrumbidgee
and Murray rivers; Fig. 6-9E to H) are more susceptible to changes in the rain-
plus-snowmelt regimes induced through the palaeo-temperature scenarios.
Summer rain dominated catchments (Fig. 6-4) with balanced runoff regimes
show only little adaptation in the months between June and September (e.g.
Gwydir River; Fig. 6-9A to D).
The assessment of rain-plus-snowmelt depths allows to estimate how predicted
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Fig. 6-9 Modelled rain-plus-snowmelt and potential runoff depths for all investigated catchments.
Rain-plus-melt presents a loss-free conversion of precipitation to runoff considering snowpack
accumulation and ablation. For the calculation of potential runoff, evapotranspiration losses are accounted
for. Data for modelled, natural flow is provided by DPI Water, 2016 and MDBA, 2012. For catchment
locations see Fig. 6-4.
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reducing factors. Rain-plus-snowmelt depths in the palaeo-scenarios are
calculated to be up to 2.2 times that of the same month under modern
conditions (scenario (1); Table 6-5). Comparing the months with the highest
predicted rain-plus-snowmelt depths, multiples of between 1.3 and 1.8 are
obtained for all seasonally influenced catchments (i.e. Macquarie, Lachlan,
Murrumbidgee, Murray and Goulburn rivers) at scenarios (3) and (4). Scenario
(2) only predicts 1.3 to 1.4 times the highest rain-plus-snowmelt depth for the
three southernmost investigated catchments (i.e. Murrumbidgee, Murray and
Goulburn rivers). In Fig. 6-10, the spatial distribution of rain-plus-snowmelt
depths is shown for October and the main source for high runoff values is
located in the Australian Alps and Tasmania in all scenarios. The modern
scenario (1) shows high rain-plus-snowmelt potential limited to elevations
>1,500 m in the Australian Alps and these areas produce little to no rain-plus-
snowmelt in the palaeo-scenarios as they possess snow cover during October.
The palaeo-temperature scenarios predict large areas between 500 and
1,500 m AHD in the Australian Alps that would have provided high quantities of
rain-plus-snowmelt. This is especially the case for catchments of the
Murrumbidgee, Murray and Goulburn rivers which are dominated by areas with
great rain-plus-snowmelt depths in all palaeo-temperature scenarios. In
scenario (3) and (4), areas north of the Murrumbidgee catchment show potential
for great rain-plus-snowmelt depths (Fig. 6-10), predicting seasonally influenced
regimes of the Lachlan and Macquarie rivers (Fig. 6-9E and F).
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Dumaresq River (7,249 km 2)
Scenario (1): modern na na na na na na na na na na na na na
Scenario (2): -6.5°C 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 na
Scenario (3): -9°C 1.0 1.0 1.0 0.9 0.9 1.1 1.1 1.0 1.0 1.0 1.0 1.0 na
Scenario (4): seasonal 1.0 1.0 1.0 1.0 0.9 1.1 1.1 1.0 1.0 1.0 1.0 1.0 na
Severn River (3,213 km 2)
Scenario (1): modern na na na na na na na na na na na na na
Scenario (2): -6.5°C 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 na
Scenario (3): -9°C 1.0 1.0 1.0 0.9 0.7 1.0 1.2 1.1 1.0 1.0 1.0 1.0 na
Scenario (4): seasonal 1.0 1.0 1.0 0.9 0.7 1.1 1.2 1.0 1.0 1.0 1.0 1.0 na
Gwydir River (11,024 km 2)
Scenario (1): modern na na na na na na na na na na na na na
Scenario (2): -6.5°C 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 na
Scenario (3): -9°C 1.0 1.0 1.0 0.9 0.8 1.0 1.3 1.0 1.0 1.0 1.0 1.0 na
Scenario (4): seasonal 1.0 1.0 1.0 1.0 0.8 1.0 1.3 1.0 1.0 1.0 1.0 1.0 na
Namoi River (22,833 km 2)
Scenario (1): modern na na na na na na na na na na na na na
Scenario (2): -6.5°C 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 na
Scenario (3): -9°C 1.0 1.0 1.0 0.9 0.8 0.9 1.3 1.1 1.0 1.0 1.0 1.0 na
Scenario (4): seasonal 1.0 1.0 1.0 0.9 0.8 1.0 1.3 1.0 1.0 1.0 1.0 1.0 na
M acquarie River (25,623 km 2)
Scenario (1): modern na na na na na na na na na na na na na
Scenario (2): -6.5°C 1.0 1.0 0.9 0.7 0.6 0.7 1.1 1.4 1.4 1.1 1.0 1.0 1.1
Scenario (3): -9°C 1.0 1.0 0.8 0.5 0.3 0.5 1.1 1.6 1.6 1.5 1.2 1.0 1.6
Scenario (4): seasonal 1.0 1.0 0.8 0.5 0.3 0.6 1.3 1.6 1.6 1.2 1.0 1.0 1.4
Lachlan River (16,056 km 2)
Scenario (1): modern na na na na na na na na na na na na na
Scenario (2): -6.5°C 1.0 1.0 1.0 0.9 0.7 1.0 1.4 1.0 1.0 1.0 1.0 1.0 1.0
Scenario (3): -9°C 1.0 1.0 1.0 0.4 0.2 0.6 1.8 1.9 1.0 1.0 1.0 1.0 1.8
Scenario (4): seasonal 1.0 1.0 1.0 0.5 0.2 0.8 2.0 1.5 1.0 1.0 1.0 1.0 1.4
M urrumbidgee River (35,281 km 2)
Scenario (1): modern na na na na na na na na na na na na na
Scenario (2): -6.5°C 1.0 1.0 0.9 0.7 0.6 0.7 1.1 1.4 1.4 1.1 1.0 1.0 1.3
Scenario (3): -9°C 1.0 1.0 0.8 0.5 0.3 0.5 1.1 1.6 1.6 1.5 1.2 1.0 1.4
Scenario (4): seasonal 1.0 1.0 0.8 0.5 0.3 0.6 1.3 1.6 1.6 1.2 1.0 1.0 1.5
M urray River (18,559 km 2 )
Scenario (1): modern na na na na na na na na na na na na na
Scenario (2): -6.5°C 1.0 1.0 0.8 0.5 0.4 0.6 1.1 1.5 1.8 1.5 1.3 1.0 1.4
Scenario (3): -9°C 1.0 0.9 0.6 0.2 0.1 0.2 1.0 1.6 2.1 2.0 1.8 1.3 1.6
Scenario (4): seasonal 1.0 1.0 0.7 0.3 0.1 0.3 1.2 1.8 2.2 1.7 1.4 1.1 1.7
Goulburn River (11,817 km 2 )
Scenario (1): modern na na na na na na na na na na na na na
Scenario (2): -6.5°C 1.0 1.0 0.9 0.7 0.6 0.8 1.2 1.6 1.4 1.1 1.0 1.0 1.3
Scenario (3): -9°C 1.0 1.0 0.8 0.3 0.1 0.4 1.2 2.1 2.1 1.7 1.2 1.0 1.6
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Table 6-5 Multiples of modelled rain-plus-snowmelt depths of the investigated catchments for all
scenarios. Modelled palaeo-rain-plus-snowmelt is divided by the modelled, modern rain-plus-snow. High
multiples are highlighted.
Fig. 6-10
distributions are shown on the right and local conditions of the Australian Alps on the left side for the
month with the highest rain
catchment; B: Murray River cat
Modelled rain-plus-snowmelt depths for October for all scenarios.
-plus-snowmelt depths and their relation to topography (A: Murrumbidgee River







6.3.4 Modelled potential runoff
This section presents the analysis of the effects of runoff losses on the
predicted runoff. In nature, rain-plus-snowmelt depths are not directly converted
into discharge and a certain loss occurs over the catchment. Comparing
modelled, rain-plus-snowmelt depths of the modern scenario (1) with natural
flows (Fig. 6-9) highlights that much of the current rain-plus-snowmelt is lost;
between 35 and 98% of precipitation (varying between catchments and months)
is not converted to runoff (Appendix D-1).
To account for these reductions in a theoretical approach, modern runoff losses
were applied for catchment areas that are predicted to have been without
snowpack during palaeo-temperature scenarios and areas predicted to have
been covered by snow were assumed to not have experienced such losses
(Table 6-4). Under this approach, the highest monthly runoff volumes are
predicted for the winter and spring months (Fig. 6-9), even in the summer rain
dominated catchments in the north. Monthly palaeo-runoff is multiplied by 4.3 to
9.3 in scenarios (3) and (4) in all catchments, except for the Murray River
catchment (Table 6-6). The Murray River palaeo-runoff estimates are less than
3.2 times the modern estimates.
In comparison to the month with the highest runoff under modern conditions (1)
and under palaeo-conditions (3) and (4), runoff multiples between 2.2 and 7.7
(Table 6-6) are predicted. Highest runoff multiples are predicted for the
Macquarie and Lachlan Rivers while the southernmost (i.e. Goulburn, Murray
and Murrumbidgee rivers) and northernmost catchments (i.e. Dumaresq,
Severn, Gwydir and Namoi rivers) show multiples between 2.2 and 4.1. The
impact of palaeo-temperature scenario (2) is comparatively lower and is just
reflected in the Macquarie River catchments and the catchments south of it.
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Dumaresq River (7,249 km 2 )
Scenario (1): modern na na na na na na na na na na na na na
Scenario (2): -6.5°C 1.0 1.0 1.0 1.0 1.0 1.2 1.0 1.0 1.0 1.0 1.0 1.0 1.4
Scenario (3): -9°C 1.0 1.0 1.0 0.9 1.0 4.3 2.4 1.2 1.0 1.0 1.0 1.0 3.0
Scenario (4): seasonal 1.0 1.0 1.0 1.0 1.0 4.6 1.9 1.0 1.0 1.0 1.0 1.0 3.2
Severn River (3,213 km 2 )
Scenario (1): modern na na na na na na na na na na na na na
Scenario (2): -6.5°C 1.0 1.0 1.0 1.0 1.0 1.4 1.2 1.0 1.0 1.0 1.0 1.0 1.0
Scenario (3): -9°C 1.0 1.0 1.0 0.9 0.8 5.2 3.5 2.3 1.0 1.0 1.0 1.0 3.1
Scenario (4): seasonal 1.0 1.0 1.0 0.9 0.8 5.7 3.1 1.5 1.0 1.0 1.0 1.0 3.4
Gwydir River (11,024 km 2 )
Scenario (1): modern na na na na na na na na na na na na na
Scenario (2): -6.5°C 1.0 1.0 1.0 1.0 1.0 1.2 1.1 1.0 1.0 1.0 1.0 1.0 1.0
Scenario (3): -9°C 1.0 1.0 1.0 0.9 0.9 3.7 5.2 1.7 1.0 1.0 1.0 1.0 2.5
Scenario (4): seasonal 1.0 1.0 1.0 1.0 0.8 4.3 4.6 1.0 1.0 1.0 1.0 1.0 2.2
Namoi River (22,833 km 2)
Scenario (1): modern na na na na na na na na na na na na na
Scenario (2): -6.5°C 1.0 1.0 1.0 1.0 1.1 2.3 1.8 1.1 1.0 1.0 1.0 1.0 1.2
Scenario (3): -9°C 1.0 1.0 1.0 0.9 1.0 4.5 8.5 7.2 1.1 1.0 1.0 1.0 3.9
Scenario (4): seasonal 1.0 1.0 1.0 0.9 0.8 5.3 8.1 3.4 1.0 1.0 1.0 1.0 3.7
M acquarie River (25,623 km 2)
Scenario (1): modern na na na na na na na na na na na na na
Scenario (2): -6.5°C 1.0 1.0 1.0 0.9 0.8 2.0 4.7 2.0 1.0 1.0 1.0 1.0 3.3
Scenario (3): -9°C 1.0 1.0 0.9 0.7 0.6 2.8 7.3 7.2 2.8 1.0 1.0 1.0 5.4
Scenario (4): seasonal 1.0 1.0 1.0 0.7 0.6 3.3 8.2 5.4 1.2 1.0 1.0 1.0 5.8
Lachlan River (16,056 km 2)
Scenario (1): modern na na na na na na na na na na na na na
Scenario (2): -6.5°C 1.0 1.0 1.0 0.9 0.7 2.8 3.9 1.4 1.0 1.0 1.0 1.0 3.5
Scenario (3): -9°C 1.0 1.0 1.0 0.4 0.3 2.6 7.6 9.3 2.0 1.0 1.0 1.0 6.8
Scenario (4): seasonal 1.0 1.0 1.0 0.5 0.2 3.3 8.6 5.7 1.0 1.0 1.0 1.0 7.7
M urrumbidgee River (35,281 km 2 )
Scenario (1): modern na na na na na na na na na na na na na
Scenario (2): -6.5°C 1.0 1.0 0.9 0.7 0.7 1.3 2.1 3.7 3.9 2.6 1.1 1.0 2.6
Scenario (3): -9°C 1.0 1.0 0.8 0.5 0.4 1.7 2.8 5.0 6.2 7.3 4.0 1.5 3.5
Scenario (4): seasonal 1.0 1.0 0.8 0.5 0.3 2.1 3.2 5.1 5.5 3.8 1.4 1.0 3.6
M urray River (18,559 km 2 )
Scenario (1): modern na na na na na na na na na na na na na
Scenario (2): -6.5°C 1.0 1.0 0.8 0.5 0.7 1.9 2.1 2.4 2.3 1.8 1.6 1.1 2.4
Scenario (3): -9°C 1.2 0.9 0.6 0.2 0.2 1.1 2.2 3.1 3.1 2.7 2.8 2.0 3.1
Scenario (4): seasonal 1.0 1.0 0.7 0.3 0.2 1.5 2.7 3.2 3.1 2.1 1.9 1.2 3.2
Goulburn River (11,817 km 2)
Scenario (1): modern na na na na na na na na na na na na na
Scenario (2): -6.5°C 1.0 1.0 0.9 1.6 0.7 1.4 2.1 3.5 2.9 1.6 1.0 1.0 2.5
Scenario (3): -9°C 1.0 1.0 0.8 0.3 0.2 1.1 3.1 5.8 6.9 7.6 2.9 1.1 4.1
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Table 6-6 Multiples of modelled potential runoff depths of the investigated catchments for all




6.3.5 Modelled runoff from low intensity rainfall events
For the 30-year long-term average of the month October, rainfall events exceed
10 mm on average on 2.4 days in the Murrumbidgee, on 3.5 days in the
Goulburn and on 3.4 days in the Murray catchments, while events greater than
25 mm occur on average on 0.6 to 1 days. Such a low intensity rainfall event
over the entire catchment can be converted into a potential runoff rate (m3/s).
Modelled runoff resulting from low intensity rainfall events in conjunction with
snowmelt during October is presented in Table 6-7.
For a 10 mm palaeo-rainfall event, between 1,800 and 3,600 m3/s runoff are
available while a 10+25 mm event supplies between 2,500 and 6,200 m3/s
runoff to the investigated catchments. For the Murrumbidgee River, runoff
produced by a 10 mm palaeo-rainfall event (scenarios (3) and (4)) may have
been sufficient to fill the channels of the Tombullen system, however, they are
insufficient to fill (with ~400 m3/s missing) the highest bankfull discharge
estimate of the Yanco system. However, when higher rainfall depths are
considered (10+25 mm event), predicted runoff rates exceed all estimated
palaeochannel capacities of the Yanco system.
For the Goulburn and Murray rivers, both modelled event runoffs consistently
exceed palaeochannel capacities during all palaeo-temperature scenarios.
QBf
(m 3/s) Scenario (2) Scenario (3) Scenario (4) Scenario (2) Scenario (3) Scenario (4)
Murrumbidgee River 1,982 2,886 2,635 3,811 5,328 5,081
•Tombullen system 1,812 to 2,624
•Yanco system 2,111 to 3,292
Murray PC systems 3,056 3,334 3,604 5,169 6,077 6,151
•MT1 PC system 1,369
•MT2 PC system 1,940
•MT3 PC system 1,571
Goulburn River 1,800 2,006 2,237 2,504 3,262 3,292
•Tallygaroopna PC system 580
•GT2 PC system 875
10 mm rain event + snowmelt (m 3/s) 10+25 mm rain event + snowmelt (m 3/s)
Palaeochannel systems
Table 6-7 Bankfull palaeodischarge capacities compared to runoff rates resulting from low





The comparison between modelled modern SWE depth (scenario (1)) and field
measurements (data from Snowy Hydro Limited, 2016b) shows disparities that
increase with altitude and snowfall quantities (Fig. 6-3 and 6-6). The reported
discrepancies are primarily due to the accuracy of the input parameters. The
used modern, monthly mean precipitation grids, provided by the Bureau of
Meteorology (BoM), are derived from records of ~7,000 weather stations with
an under-representation of stations at altitudes above 1,500 m AHD (Jones et
al., 2009) and an absence of stations above 2,000 m AHD (e.g. Fig. 6-3). For
rainfall gauges in high elevations, the undercatch of frozen precipitation has
widely been reported (e.g. Larson and Peck, 1974; Neff, 1977) and Reinfelds et
al. (2014) have recently quantified that the BoM grids may be underestimating
precipitation in the Snowy Mountains by 7 to 27% when compared to
independent rainfall stations operated by Snowy Hydro Limited. But the
underestimation of recorded precipitation may not be the only cause for
discrepancies between modelled and measured SWE depth. Additionally, wind
drift allows for the distribution of frozen precipitation that leads to deep
accumulations of snow. The effect of precipitation undercatch combined with
windblown snow accumulation results in 40 to 90% more runoff than
precipitation registered for small catchments with mean elevations greater than
1,850 m in the Australian Alps (Reinfelds et al., 2014). The underestimation of
total effective precipitation as an annual average in the BoM grids and the
exclusion of windblown snow, as a component that contributes to snow
accumulation, complicate the comparison between the Snowy Hydro point data
with BoM grids that present the mean value of an area of ~8 km2. Nevertheless,
model predictions correlate well with the field measurements, the seasonal
snowfall regimes are mimicked and areas affected by the underestimation are
comparatively small (above 1,800 m AHD; <0.1% of the Australian continent).
This will have little influence on model outputs for the investigated catchments
but it suggests ratios (multiples) of predicted modern and palaeo-scenario
model outputs are more informative than absolute quantities.
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6.4.2 Palaeo-temperature scenario verification
The used snow accumulation model predicts snowpack residuals at the end of
the model year (February), for defined areas in Tasmania and the Australian
Alps. This accumulation is crucial for glacier development and growth. These
are broadly consistent for all three palaeo-temperature scenarios with areas of
LGM glacial evidence corresponding to predicted snow residuals (Barrows et
al., 2001, 2002). Model outputs, at the -9°C scenario (3), forecast the widest
areas for snowpack residuals, suggesting that glacial growth has taken place
around Mount Feathertop (Australian Alps) as well as north of Ben Lomond in
Tasmania (Fig. 6-7), but these examples are located outside of the areas of
known palaeo-glaciation. This may either indicate unknown sites for glacial
evidence or that a decrease in precipitation may have restricted snowpack
accumulation. Interestingly, for Tasmania a mean temperature reduction in the
LGM is estimated to be lower than on the mainland with only a -4 to -6.5°C
reduction (e.g. Galloway, 1965; Colhoun, 1985; Fletcher and Thomas, 2010).
Modelled snowpack residuals at the -6.5°C scenario (2) appear to under-predict
snow accumulation for the Central Plateau glaciation east of Mount Ossa in
Tasmania (Fig. 6-7). Assuming that scenario (2) is most suitable for Tasmania
and scenario (3) for the Australian Alps (after Galloway, 1965), increased
precipitation would be expected to have occurred over Tasmania while less
precipitation most likely would have allowed for smaller extents of glaciation in
the Alps on mainland Australia. Nevertheless, Chang et al. (2015) have
questioned the validity of uniform palaeo-temperature reductions throughout a
year. For example, an estimate for a summer temperature reduction of -9°C
during the LGM was derived from periglacial evidence of the Australian Alps
(Galloway, 1965). This was supplemented by an estimated (at least) -9°C
average air temperature reduction from emu eggshells of continental
southeastern Australian (Miller et al., 1997). These are both regions with
extreme seasonal temperature differences. Hence, the seasonal scenario (4),
with winter temperature reductions of -9°C and summer reductions of -6.5°C,
may well be the most realistic one as it accounts for seasonal changes in
temperature reduction and the predictions match the glacial evidence well. Only
small areas in Tasmania that show evidence for palaeo-glaciation are not
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predicted to have had snow cover. However, the used model does not apply
spatially differentiated temperature scenarios which may limit the relevance of
the model outputs for regions outside of southeastern Australia, where the
temperature reduction records come from.
6.4.3 Runoff estimates
Present day natural flow regimes of rivers draining the Great Dividing Range
towards the west can be divided into two types; the northern rivers (Dumaresq,
Severn, Gwydir and Namoi rivers) which are summer rainfall dominated and
convey the highest, monthly runoff accordingly in summer (Fig. 6-9A to D). The
second type is the southern rivers (Fig. 6-9F to I) which receive most of the
rainfall during winter when mean monthly runoff peaks. The only exception to
these types is the Macquarie River (Fig. 6-9E) with the highest rainfall quantities
in summer but runoff peaking in winter.
In this study, model outputs for rain-plus-snowmelt and potential runoff are
presented for three different palaeo-temperature scenarios, with rain-plus-
snowmelt showing the maximum potential runoff as a direct estimate of rainfall
and snowmelt disregarding any losses (e.g. evapotranspiration) that are
effective in reducing runoff volume.
Significant changes to the rain-plus-snowmelt regimes in palaeo-temperature
scenarios (4) are most pronounced in the winter dominated catchments (Fig.
6-9F to I), but are not found for the northern catchments. Greatest monthly rain-
plus-snowmelt depths occur with a delay of about a month or two and are up to
1.6 to 1.8 times that of the modern predicted rain-plus-snowmelt (Table 6-5),
indicating that 60 to 80% more water would be available to the mean monthly
rain-plus-snowmelt. For the Macquarie River, rain-plus-snowmelt depths
broadly stay the same through all temperature scenarios similar to the northern
catchments, but peak palaeo-runoff volumes are predicted for the winter months
while the highest, modern, modelled runoff is forecasted for summer.
However, precipitation input does not directly convert into runoff. About 90% of
precipitation is currently lost (Appendix D-1) but it is suspected that these losses
have been lower during colder periods (e.g. Kemp and Rhodes, 2010). Pollen
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assemblages indicate a treeless, open shrub-steppe vegetation for the
southeastern Australian highlands between ~20 to 30 ka, while under present
day conditions these areas are dominated by dry sclerophyll open Eucalyptus
forests (e.g. Singh and Geissler, 1985; Dodson and Wright, 1989; Williams et
al., 2006). Forested catchments, like the present Australian forests, have been
found to have higher evapotranspiration rates (e.g. Zhang et al., 2001) and will
have a stronger influence on the reduction of potential modern runoff than the
steppe vegetation during the LGM.
The lowering of the snowline is suspected to have had a major influence on the
quantity and timing of the seasonal snowmelts (Barrows et al., 2001). Under
colder conditions, as modelled for the three palaeo-temperature scenarios,
large areas of the investigated catchments were covered in snow for significant
periods (1 to 6 month; Table 6-4). Moreover snowpack may have hampered
groundwater recharge by the surficial storing of precipitation and as an insulator
of the ground (e.g. Haupt, 1967), and may have prevented infiltration of
precipitation fallen as rain. More importantly, evaporation from snow covered
areas is reduced to a negligible quantity (Bengtsson, 1980; Allen, 1996), plant
transpiration is minimal due to dormancy over the winter season and will have a
substantial influence on the water balance of the investigated catchments.
Moreover, snow cover has been found to substantially increase soil moisture
levels during the melt season leading to enhanced runoff coefficients for melt
season rain events (e.g. Mahanama et al., 2012).
To investigate the influence of reduced evapotranspiration losses during colder
climates, areas with predicted snow cover were assumed to have experienced
no losses of precipitation to evapotranspiration while the rest of the catchment
was modelled to have been subject to modern losses. The calculation of
potential runoff in such fashion is greatly simplified but possibly the most
realistic approach. Assumptions of modern-like evapotranspiration in areas
where temperatures are too warm for snowpack development, but which
receive their precipitation as snow during the winter months, are perhaps
conservative given that it is likely that transpiration losses would have been
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lower due to the increased duration of vegetation dormancy under such cold
conditions.
Reducing runoff losses in such a way allows for the prediction of seasonal
potential runoff regimes in all investigated catchments (Fig. 6-9; Table 6-6).
Potential monthly runoff multiples of between 2.2 and 7.7 and peaks of
enhanced runoff in the winter month for palaeo-temperature scenario (4) are
predicted. This might indicate that runoff regimes are not solely governed
through snow accumulation and delayed melt but that the consideration of
changes in evapotranspiration and runoff, controlled by snow cover and a
change in vegetation and soil moisture is crucial to unravel the occurrence of
high LGM runoff. It is such runoff, which is much higher than the present-day
discharge regime, that produced the palaeochannel remnants on the Riverine
Plain. Interestingly, snowpack build-up and melt processes seem to influence
the runoff pattern of the Lachlan River strongly (potential monthly runoff
multiplied by 7.7) even though this catchment was thought to not be able to
support a substantial snowpack during the LGM (Kemp and Rhodes, 2010).
6.4.4 Regional aspects
To quantify whether under the presented palaeo-temperature scenario (4)
sufficient predicted potential runoff was available to source the competent river
systems as found on the Murrumbidgee, Murray and Goulburn rivers, estimated
bankfull discharges (see Chapter 4.5.3.2, Chapter 4.6.5, Chapter 5.6.3 and
Chapter 5.8.4) were compared to low intensity rainfall events that occur during
spring snowmelt.
Catchment wide rainfall events of 10 mm together with a mean daily snowmelt
during the month of October easily fill the channels of the Goulburn and Murray
palaeochannel systems and exceed their palaeo-QBf rates. The exceedance
may well be due to the age of the investigated palaeochannel systems; those
have been active before temperatures reached their minimum at the peak of the
LGM and therefore a smaller snowmelt component could have led to smaller
runoff rates. The reconstruction of LGM-QBf rates for the Murray and Goulburn
rivers have not been possible yet (see Chapter 5.8), therefore an assessment of
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whether a 10 mm rainfall event would have been sufficient to fill these
palaeochannel systems remains a question for future research.
At the Murrumbidgee River, a 10 mm rainfall and snowmelt event may have
been sufficient to fill the channels of the Tombullen system that were active
prior to the LGM, but may have produced insufficient runoff to explain the large
LGM-channels of the Yanco systems, when considering the highest bankfull
discharge estimate. Reasons for this could be found in the overestimation of
bankfull channel capacities or in the occurrence of higher rainfall events
(≥25 mm; Table 6-7). Alternatively, the use of a mean daily snowmelt may 
underestimate the contribution to runoff through ablation. In the presented
approach, it is assumed that snowmelt occurred at a constant rate throughout
October while it would be realistic to expect peak snowmelt rates that are higher
than mean daily snowmelt. Peak snowmelt coupled with a low intensity rainfall
event may have been able to supply enough runoff to fill the Yanco
palaeochannels. Additionally, low intensity rainfall events occur on average on
2.4 to 3.5 days in the investigated catchments. If those days happened
sequentially, higher runoff rates could also be expected. The coupling of peak
snowmelt and low intensity rainfall events, potentially on sequential days, may
well account for rainfall events that do not span the entire catchment.
Hence, the manipulation of runoff regimes through snowpack build-up and melt
processes, as quantified by the application of the snow accumulation model
under the present precipitation pattern with an altered evapotranspiration
pattern (predicted potential runoff) indicates that sufficient water is stored in the
landscape to explain the competent river systems of the Riverine Plain. This is
supported by calculating low intensity rainfall events that coincide with spring
snowmelt.
6.5 Conclusion
The application of the snow accumulation model has shown that, under the
present precipitation pattern, snowpack build-up and related ablation processes,
in concurrence with changes in evapotranspiration, has a significant influence
on runoff regimes of river systems along the Great Dividing Range and the
model is used to explain enhanced fluvial activity, expressed in channels which
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are found preserved on the Riverine Plain that are capable to convey a multiple
of the present-day bankfull discharges.
The model has some limitations with the most obvious one being the
underestimation of the input BoM precipitation grid and, therefore, the
underestimation of snowpack build-up in high altitudes is confined to small
areas and thought to have little impact onto runoff volumes of the investigated
catchments. However, results should be understood as constrained to
catchments of a certain size (>6,000 km2) and within a confined region. The
model was run for temperature scenarios likely to have occurred in
southeastern Australia and that for a national application of the model, spatially
resolved temperature reductions are needed to be employed. To fully explore
potential scenarios with this model, high-resolution spatial and temporal
temperature records are needed as this will allow the investigation between
temperature decrease and fluvial activity. However, the model is based on
modern long-term precipitation depths and pattern and it is yet to be explored
how the model outputs will adapt to reduced precipitation volumes.
Additionally, the model works with monthly, mean data in- and outputs. Hence,
results just provide an estimate of the physical possibility to provide enough
seasonal runoff to fill the competent channels that are found in the region (e.g.
Yanco system). The relationship between monthly, mean runoff and channel
bankfull discharge volume needs further quantification on the basis of daily,
natural flow data.
Nonetheless, it was shown that predicted mean daily snowmelt in conjunction
with a low intensity rainfall event is able to supply enough water to fill the






7.1 Introduction and chapter objectives
This thesis aimed to constrain the timing (first aim) and the quantity (second
aim) of enhanced discharge of rivers in the MDB that drain the GDR and onto
the Riverine Plain in southeastern Australia. Palaeochannels of the
Murrumbidgee, Goulburn and Murray rivers form the focus of this study and the
results are summarised in the following section. The regional coherence of the
sedimentary records, their relationships to Southern Hemisphere climates and
the broader implications of temperature reduction on predicted runoff (third
aim) are also assessed in this chapter.
7.2 Study findings
To constrain the timing of enhanced fluvial activity on the Riverine Plain, ten
sites along the palaeochannel systems of the Murrumbidgee River, three sites
along the Goulburn River and two sites along the Murray River were
investigated. A total of ~240 m of sedimentary record and 39 single-grain OSL
ages were obtained. The competent palaeochannel systems of the investigated
rivers were found to be systematically older than previously estimated by both
Page et al. (1996) and Bowler (1978b; see also Fig. 3-8 and 5-16). In
comparison to the existing chronology, the Tombullen and Yanco
palaeochannel systems of the Murrumbidgee River showed activity between
~37 and 32 ka and between ~25 and 19 ka respectively (Fig. 7-1); this is about
5 ka older than formerly estimated (Page et al., 1996).
On the Goulburn River, a similar pattern (Fig. 7-1) was found with the
commencement of enhanced activity of the Tallygaroopna system at ~38 ka
and the presence of the next younger palaeochannel system between ~36 to
24 ka (GT2 PC, formally termed the Kotupna system). Both of these systems
were thought to be younger by ~10 ka. Most importantly, the latter of the
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investigated systems can be divided into two physically distinguishable systems
(i.e. GT2 and GT3 PC systems). The timing of the younger GT3 PC system still
requires further research.
The timing of enhanced fluvial activity on the Murrumbidgee, Goulburn and
Murray rivers appears to broadly correlate but not in all regards. For example,
the commencement of the Tombullen system on the Murrumbidgee River at
~37 ka closely corresponds to the shift from the Tallygaroopna to the GT2 PC
systems on the Goulburn River (Fig. 7-1). While the GT2 PC system has been
active until at least ~25 ka, records for between 32 and 25 ka on the
Murrumbidgee River were not identified. A similar, but later, gap (25 to 20 ka) of
records has previously been reported by Page et al. (1996) for the
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MT3 PC MT2 PC
GT3 PC ??
Goulburn River10, 11
MIS 1 2 3
Coonambidgal 2 Coonambidgal 3 Coonambidgal 4
Fig. 7-1 Updated ages from fluvial archives of the Murray-Darling Basin. Phases of enhanced
fluvial activity, as interpreted by the original research, are shown as bars after 1: Bowler, 1978a; 3:
Watkins, 1992; 4: Young et al., 2002; 5: Pietsch et al., 2013; 6: Kemp and Rhodes, 2010; 7: this study
(Yanco and Tombullen; Chapter 3); 9: this study (MT3; Chapter 5); 10: Stone, 2006a; 11: this study
(GT2 PC and Tallygaroopna; Chapter 5). Vertically hatched bars indicated suspected phases of
enhanced fluvial activity. TL ages are displayed by triangles and OSL ages by circles. Radiocarbon
ages (squares) for the Darling River are calibrated (SHCal13.14c calibration dataset), midpoints with
the 2σ are reported and the original phase of enhanced fluvial activity is presented as diagonally 
hatched bar. All other ages are reported with 1σ errors. For the Murrumbidgee River, the Kerarbury 
phase (8: Page et al., 1996) is indicated for completion.
Chapter 7
- 213 -
this period coincided with the peak of the LGM, rather than bias introduced
through the sampling strategy. A drastic environmental change like the LGM
has not been reported for the time between 32 and 25 ka; hence the gap in the
new chronology of the Murrumbidgee River palaeochannels cannot be linked to
such a phase and it remains speculative what caused this gap of records for
this catchment.
Interestingly, while the Murrumbidgee River is lacking evidence for enhanced
fluvial activity between 32 and 25 ka, the Goulburn and the Murray rivers
recorded competent palaeochannels in this period (Fig. 7-1). On the Murray
River, the MT3 PC system is dated to ~31 and 28 ka, though the phase of
activity will have commenced before 31 ka as this was determined by a
minimum age. These results suggest synchronous channel evolution of the MT3
phase on the Murray River and the GT2 PC phase on the Goulburn River to
some degree. However, it is evident that the Murray sector was already lowered
into the alluvial plain of the Shepparton formation by two incisional and
depositional phases (GT3), while the Goulburn reach experienced its first,
preserved phase of incision with the GT2 PC system.
Moreover, significant differences in morphometric characteristics and predicted
palaeodischarges are apparent between the Tombullen (Murrumbidgee River),
GT2 PC (Goulburn River) and MT3 PC (Murray River) systems. While the GT2
PC and MT3 PC show bankfull channel capacities between ~900 and
1,600 m3/s, which are estimated to have been 3.2 and 4 times the modern, the
Tombullen system is characterised by channels that are able to hold between
1,800 and 2,600 m3/s, which is equal to between 4 and 8 times the modern
(Table 4-3 and 5-2). This indicates that higher quantities of runoff were available
in the Murrumbidgee catchment during the Tombullen phase.
Also for the Murrumbidgee River, persuasive evidence for enhanced fluvial
activity has been found for the period 25 to 19 ka (Yanco phase; Fig. 7-1),
inferring that up to 12 times higher discharge volumes and coarser sediments
than at present were transported during the peak of the global LGM. This
indicates that discharge capacities were even higher during the LGM than
during the Tombullen phase. However, similar LGM ages were not obtained
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from the investigated palaeochannel systems of the adjacent Goulburn and
Murray rivers. This may well be due to the applied sampling strategy (e.g.
reduced number of sites) and does not necessarily indicate a period of
decreased fluvial activity in these catchments. The undated alluvial surface of
GT3 forms the transition unit between the GT2 PC system (~36 to 25 ka) and
the modern floodplain which is said to have formed at ~13 ka (Ogden, et al.,
2001) and it is likely that the GT3 terrace corresponds to the LGM. Downstream
of the studied reach, two ages of ~18 ka were obtained by Stone (2006a) and
these may be linked to the GT3 PC system, suggesting that the system may
have been active during the LGM. On the Murray River however, evidence for
an LGM alluvial surface is still lacking.
7.3 Assessment of the regional palaeohydrology
The hypothesis of enhanced fluvial activity in the Goulburn and potentially
Murray River catchments occurred in accordance with the late glaciation
advances in the Australian Alps (Fig. 7-2; Barrows et al., 2001). Even though
the MIS 3 and 2 glaciations on mainland Australia were restricted to a very
small area (<15 km²), they indicate sufficient precipitation and low temperatures
that allowed for perennial snow and ice accumulation. These glacial advances
were reported to have occurred at 32, 19 and 16 ka (Barrows et al., 2001) with
the first two correlating well with the terminal stages of the Tombullen and
revised Yanco phases. This suggests a close correlation between glacial
advances and fluvial response. However, a fluvial sedimentary signal for the
16 ka advance has not yet been identified. This may well be due to the abrupt
onset of warming shortly after ~18 ka (e.g. Chang et al., 2015), causing
precipitation in the wider catchments falling predominantly as rain, while the
highest altitudes in the Alps were still in temperature ranges beneath 0°C that
allowed for snow to accumulate.
However, comparing chronologies from fluvial archives in the MDB, including
findings from this study, shows that a regional correlation between some but not
all systems is apparent (Fig. 7-1) and will be discussed in the following section.
An interesting distribution of ages has been reported for enhanced fluvial
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activity of the Ulgutherie phase of the Lachlan River (Fig. 7-1; Kemp and
Rhodes, 2010); three ages of ~31 ka correlate well with the GT2 PC and MT3
PC systems (Murray and Goulburn rivers) as well as the end of the Tombullen
phase, while the other seven ages are in phase with the Yanco phase of the
Murrumbidgee River. The authors describe the fluvial activity between 34 and
20 ka as “more or less continuous” and stress that the younger ages (25 to
21 ka) may have indicated reduced flows and the construction of smaller
channels caused by local aridity during the LGM (Kemp and Rhodes, 2010). A
possible transition between channel systems was not discussed as physical
evidence was lacking. But interestingly, a gap of fluvial records on the Lachlan
River appears almost synchronous with the chronological gap for the
Murrumbidgee River (Fig. 7-1). However, it remains speculative whether these
LGM
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Fig. 7-2 Other environmental records. A: Sea surface temperature stack for the Southern Ocean
(Barrows et al., 2007); B: Sea level curve (Lambeck and Chappell, 2001); Glacial advances, as
interpreted by the original research are shown by shaded bar signatures for records of C: the Snowy
Mountains in southeastern Australia (Barrows et al., 2001), D: Tasmania (Barrows et al., 2002), E:the
South Island of New Zealand (Denton et al., 1999a; Suggate and Almond, 2005), F: the Chilean Lake
District (Denton et al., 1999b) and G: the Strait of Magellan in South America (Kaplan et al, 2008).




findings are due to different conditions in various catchments or to sampling
artefacts. The Willandra Lakes (Fig. 7-3) that were fed by predecessors of the
Lachlan River (Kemp and Rhodes, 2010) support the findings of regular high
discharge events on the Lachlan River as these lakes show oscillating lake
levels with the highest lake stands between 34 and 25 cal ka BP (Bowler et al.,
2012) and a drastic increase in lake levels at ~24 ka (Fitzsimmons et al., 2015).
In correlation with the fluvial shift towards smaller, less competent channels, a
reduction of lake levels was inferred to have occurred around 22 to 20 cal ka BP
but it was not before ~18 cal ka BP (Bowler et al., 2012) or 7.4 ka (Fitzsimmons
et al., 2014, 2015) that drying of the Willandra Lakes fully terminated.
Similarly, Lake Urana in the Murrumbidgee catchment shows evidence for high
lake levels between 30 and 12 ka (Fig. 7-3; Page et al., 1994) and Lake
George, with its catchment adjoining the Murrumbidgee and Lachlan
headwaters in the southeastern highlands, was thought to have retained high
lake levels between 31 and 25 cal ka BP (27 to 21 ka PB; Coventry, 1976).
However, the Willandra Lakes interpretation is based on a large set of ages
(n = 93; Coventry, 1976; Page et al., 1994; Bowler et al., 2012) allowing for a
tight correlation with fluvial evidence from the Lachlan River while sites of lakes
Urana and George are presented by less well resolved records (n <10 ages)
and just indicate a broad agreement.
To the north of the Lachlan River, evidence for enhanced fluvial activity is
preserved in the Carrabear formation of the Macquarie and Namoi rivers
(Watkins, 1992; Watkins and Meakin, 1996; Young et al., 2002). The formation
has previously been linked to the original Yanco and Kotupna phases (Young et
al., 2002). The chronology, however, is based on TL dating (Fig. 7-1) which can
be problematic for fluvial environments (see Chapter 3.5.1). The revision of the
Yanco and the Kotupna phase (now GT2 PC) has shown that both phases are
older than previously suggested and indicate the need of a review of the
Macquarie and Namoi chronology.
For the adjacent Gwydir River, two physically distinguishable palaeochannel
systems were reported with the older (Coocalla; Pietsch et al., 2013; Fig. 7-1)
Chapter 7
- 217 -
correlating to the Tombullen and GT2 PC phases but extending into the
Tallygaroopna phase. Samples of the Gwydir chronology were dated, similar to
this study, using single-grain OSL dating but without providing sample specific
information/verification, and the MAM was applied by default (Pietsch et al.,
2013). This may well explain the young ages of the Kamilaroi system (19 to
16 ka) and why this system is out-of-phase with the Yanco system (Fig. 7-1),
but a difference in palaeoenvironmental conditions between the catchments
cannot be precluded.
Evidence for enhanced fluvial activity in the northern part of the MDB comes
from the Darling River which is recorded for the period 22 to 17 ka (Lawrie et
al., 2012) and ~23 to 24 cal ka BP (~19 ka BP; Fig. 7-1; Bowler, 1978a). This,
as well as freshwater conditions at the Menindee Lakes that are sourced by the
Darling River, at ~21 cal ka BP (18 ka BP; Hope, 1983) correlate well with the
revised Yanco and Ulgutherie phases. As the Darling River crosses semi-arid to
arid environments and is mainly fed by the Gwydir, Macquarie, Namoi,
Dumaresq and Severn rivers (Fig. 2-1 and 6-4), it is highly likely that at least
one of its tributaries that is sourced in the northern MDB would have had higher
discharges during these glacial times.
Age (ka or cal ka BP)








Fig. 7-3 Lacustrine records from southeastern Australian lakes. Phases of lake level high stands, as
interpreted by the original research, are shown as bars after 1: Cohen et al., 2012; 2: Costin, 1972; 3:
Page et al., 1994; 4: Hope, 1983; 5: Fitzsimmons et al., 2014, 2015 (OSL ages); 6: Bowler et al., 2012
(radiocarbon ages). TL ages are displayed as triangles and OSL ages as circles. Radiocarbon ages
(squares) are calibrated and the original phase of high lake levels presented as diagonally hatched bars.
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To summarize, high discharge channels are common features in the MDB and
some accordance between the fluvial as well as the lacustrine archives is
apparent during MIS 3 and 2, but differences in the precise timing complicate
the evaluation of mechanisms that govern regional, palaeohydrological
conditions. This may either be due to accuracy of the established chronologies
or relate to different influencing factors affecting the individual catchments.
7.4 The role of temperature reduction on runoff vs precipitation amount
Enhanced fluvial activity has previously been suspected to be attributed to the
effect of temperature reduction on runoff, especially for those rivers that drain
the high altitudes of the Australian Alps, such as the Murray and Goulburn rivers
(e.g. Bowler, 1978b). This study has shown through the application of the snow
accumulation model that, under present precipitation pattern and with the
reported temperature decrease during the LGM and late MIS 3 (e.g. Galloway,
1965; Costin, 1972; Miller et al., 1997), competent and larger river systems
along the Great Dividing Range and potentially the coastal catchments of
southeastern Australia can be explained by the influence of snowpack build-up.
The build-up of snowpacks over large areas of many river systems and delayed
ablation processes led to seasonal runoff peaks.
The application of the snow accumulation model, with current long-term
precipitation depths and patterns, predicts elevated runoff associated with
reduced temperatures and altered evapotranspiration losses for all investigated
rivers at the LGM (Fig. 6-9, Table 6-6). The shifts in vegetation taxa and wind
strength (e.g. Singh and Geissler, 1985; Hesse et al., 2003) as well as long-
term snow cover (Table 6-4) are thought to have diminished evapotranspiration
to negligible amounts for wide areas of the investigated catchments. Those
factors are thought to have drastically amplified the effect of seasonality onto
the runoff regimes.
The snow accumulation model results indicate that evidence for the period of
the LGM may well exist on both the Goulburn and Murray rivers, as suggested
from the geomorphologic evidence. Also, for rivers further north, like the
Lachlan and Gwydir rivers, the model predicts the possibility of enhanced fluvial
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activity throughout the LGM which has not yet been found (Kemp and Rhodes,
2010; Pietsch et al., 2013).
Highly seasonal runoff regimes, governed by temperature and
evapotranspiration decreases, have previously been suggested as important
controls on elevated runoff during the LGM (e.g. Bowler, 1978b; Page, 1994;
Barrows et al., 2001; Kemp and Rhodes, 2010) and the snow accumulation
model quantifies this. This important control was previously listed as one
component but never as the only factor for increased fluvial activity. Improved
catchment connectivity has also been linked to increased catchment efficiency
and therefore competent river systems (e.g. Kemp and Rhodes, 2010) and
higher precipitation has also been invoked (e.g. Page et al., 1996). The latter
certainly contradicts the classic perception of aridity during the LGM.
The shift towards a treeless environment dominated by herb species, as found
in pollen assemblages, has been interpreted as an indicator for aridity (Dodson
and Wright, 1989; D’Costa and Kershaw, 1995; Turney et al. 2006). Also the
potential of dust entrainment was attributed to sparse vegetation cover as a
result of lower precipitation (Hesse and McTainsh, 1999; Hesse et al., 2003,
2004). Besides precipitation, atmospheric CO2-concentrations and temperature
are limiting factors for vegetation (Singh and Geissler, 1985; Hesse et al.,
2003). For example, drastic temperature induced changes in the treeline for the
Australian Alps were estimated during the LGM and the treeline was expected
to be as low as 500 m AHD while it is presently at 2,000 m AHD (Singh and
Geissler, 1985).
Whilst the distribution of vegetation during the LGM may well have influenced
runoff other authors have argued for increases in precipitation. For example
Pietsch et al. (2013) linked enhanced fluvial activity between 43 and 34 ka and
19 and 16 ka (Fig. 7-1), preserved in the Gwydir palaeochannels, to possible
increased precipitation that was triggered by a western Pacific warm pool which
might have been blocked by low sea levels close to the Australian coast, as
Nanson et al. (2008) hypothesised. The warm ocean current would have fed
trade winds that supply the northern part of the MDB with moisture while east
coast lows served the southern part of the basin.
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7.5 Southern Hemisphere context
A feasible northwards shift of the SWW over the Australian continent has
previously been suggested from sea surface temperatures of the Pacific and
Southern Ocean for the LGM (Barrows and Juggins, 2005). An increased,
meridional temperature gradient (equator-pole) as well as a steepened, zonal
temperature gradient between the western and eastern equatorial Pacific were
linked to the northwards shift of the subtropical ridge, the SWW and the
increase of the trade winds (Barrows and Juggins, 2005).
The orientation of the Simpson Desert dunefields in the arid interior of Australia
(Nanson et al., 1995) and the distribution of aeolian dust in the Tasman Sea
(Hesse et al., 1994) has also been used as evidence of an equatorward shift in
the SWW. In addition, positive water balances during and shortly before the
LGM (~30 ka) at a lake in central, southern Australia (Lake Frome; Cohen et al.
2012) were attributed to the intensification of rain-bearing air mass advection by
the SWW. This, however, has recently been questioned by Treble et al. (2017)
who suggests tropical moisture as a dominant moisture source for the Flinders
Ranges at the LGM and that westerly precipitation may have been relatively
ineffectual at driving recharge to southern Australia during this period. This was
thought to be supported by evidence from speleothem records of tropical
Australia and Indonesia which indicate a southwards displacement of the ITCZ
and the Australian-Indonesian summer monsoon during the LGM (Ayliffe et al.,
2013; Denniston, et al., 2013).
In South America however, an equatorward shift at ~25 ka of the Antarctic
Frontal Zone by 3 to 5° and hence the SWW was suggested to explain glacial
advances between 35 and 56°S (Kaplan et al., 2008). Up to four advances were
recorded for the period between ~34 to 18 cal ka BP (Fig. 7-2) with the thinning
of icesheets commencing at ~18 ka (e.g. Denton et al., 1999a; McCulloch et al.,
2005; Kaplan et al., 2008). The thinning was implied to reflect the poleward
migration of the precipitation bearing SWW (Boex et al., 2013). The occurrence
of glacial advances during the maximum summer insolation in the Southern
Hemisphere was attributed to a reduction in temperature and an increase in
precipitation (Kaplan et al., 2004). Most palaeoecological records from western
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and southernmost South America have been interpreted to support more humid
conditions for the LGM (Clapperton, 1993; Denton et al., 1999b; Moreno et al.,
1999; Heusser et al., 2006) but little evidence for weakened or absent SWW
has been found (Markgraf et al., 1992: Zhu et al., 2014). The aggradation of
alluvial fans in the east of the Andes and the development of extensive channel
belts (35 to 38°S) under predominantly wet conditions were also reported for
MIS 3, while a transition towards fluvial incision and aeolian sedimentation in a
drier environment was thought to have occurred at the LGM (Iriondo, 1999;
Tripaldi et al., 2010). However, an accurate assessment of fluvial conditions in
central and western Argentina is prevented by a limited chronology (Martinez
and Coronato, 2008) and hydrologic reconstructions, which are complicated by
the impact of glacial meltwater.
Non-glaciated catchments on the North Island of New Zealand (31 to 41°S)
experienced multiple phases of aggradation and incision during late-MIS 3; with
aggradational periods from 40 to 31 ka and 30 to 15 ka (Litchfield and
Berryman, 2005). The fluvial deposits were linked to high discharges of water
and sediment while the incision that commenced after the LGM was connected
to the decrease of discharge and the poleward shift of the SWW (Litchfield and
Berryman, 2005; Litchfield and Rieser, 2005). Further palaeoecological records
in New Zealand support the northward displacement of the SWW between 29
and 19 cal ka BP (Newnham et al., 2007) and three glacial advances recorded
between ~34 to 19 cal ka BP (Fig. 7-2; Denton et al., 1999a; Suggate and
Almond, 2005) might strengthen the evidence for increased precipitation.
Widespread geomorphic and palaeoecological evidence predominantly
supports a northward displacement and potential intensification of the SWW on
the Southern Hemisphere during and before the LGM but is still globally
vigorously debated (e.g. Heusser, 1989; Markgraf et al., 1992; Hesse and
McTainsh, 1999; Moreno et al., 1999; Zhu et al., 2014). This is reflected in
global climate models that provide ambiguous results; either indicating the
equatorward or poleward shift of the mid-latitude, southern westerly winds
during the LGM (Fig. 7-5; Toggweiler et al., 2006; Rojas et al., 2009; Chavaillaz
et al., 2013). But these models depend on the accuracy of the proxy data input
and a major weaknesses lies in model sensitivity to Antarctic ice sheet
thickness and sea ice cover which are problematic to reconstruct (Chavaillaz et
al., 2013).
needed and global climate model outputs may only be used with caution for
predictions of wind systems, like the southern westerly winds that are linked to
Antarctic climate mechanisms by the
7.6 Concluding
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Murrumbidgee River catchment at the peak of the LGM was found and it is
highly likely that the Goulburn and Murray river catchments exhibit similar
evidence. Hence an investigation of the lowest terrace of the Goulburn River
(GT3) and the deposits buried underneath the modern floodplain of the Murray
River would help resolve whether enhanced fluvial activity was present in these
catchments during the LGM.
However, an accurate assessment of regional synchrony or asynchrony of the
occurrence of competent river systems is precluded without further investigation
of the Goulburn and Murray catchments as well as the revision of chronologies
for other rivers in the MDB. A more systematic approach is needed to determine
the regional coherence of phases of enhanced fluvial activity in the Murray-
Darling Basin. Future work applying the same dating methods to equivalent
proxies in the other major tributaries of the Murray River (such as the Namoi
and Macquarie rivers) will ultimately resolve the timing and magnitude of
changes in runoff during MIS 3 and at the LGM.
The snow accumulation model has shown that predicted seasonal runoff
regimes are significantly influenced by precipitation falling as snow,
accumulating in snowpack and the delayed ablation in colder times. It is also
apparent that reduced evapotranspiration, increased snowmelt, coupled with
low intensity rainfall, is sufficient to produce the competent river systems of the
MDB. The full potential of the snow accumulation model, however, needs to be
unlocked. For instance, spatially resolved temperature reductions across the
continent may allow for a more robust Australia-wide application of the model.
Furthermore, additional palaeoenvironmental proxies that show a regional
reduction of precipitation (e.g. SWW) will allow for a better estimate of the
impact of aridity on fluvial activity. Also, the model is currently based on monthly
input data meaning that all assessments of bankfull discharge of the
palaeochannels are being related to predicted monthly mean runoff. Increasing
the input data resolution to weekly or daily time-steps would allow a better
understanding of catchment specific event-based processes.
The supposed northwards displacement and/or intensification of the SWW
which would have allowed for enhanced moisture supply to the MDB needs
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further assessment. Dating of palaeochannels in the northernmost catchments
(i.e. the Severn, Condamine and Dumaresq rivers) will allow unravelling
whether an asynchrony between the northern rivers such as the Gwydir River
and rivers further south are due to the applied dating methods or whether
different drivers of synoptic systems may have governed the northern MDB.
In conclusion, this work has contributed to gain further insights into the
geomorphology, sedimentology and palaeodischarge of fluvial environments as
well as the timing of enhanced fluvial activity on the Riverine Plain. The
influence of decreased temperatures onto fluvial regimes has been quantified
and it has been highlighted that further research is needed to fully unravel
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Appendix A-1: Contributions (%) of different tasks by the authors of the
paper presented in Chapter 3.
Appendix A-2: Investigation of the disturbed unit in core GC2-1 of the
Gum Creek system.
In core GC2-1 (see also Fig. 4-4), a ~2 m thick unit of potentially disturbed
deposits was recorded. Two different types of unusual deposits were apparent;
the first type (picture A) shows an almost regular pattern of mud clasts and sand
to gravel-sized grains in a muddy matrix. The second type presents alternating
sand and mud layers with the mud layers showing a spinal-like connection
(picture B). It is suspected that the second type is caused by upwelling drill
water during the drill process while the first type might well be connected to a
bank failure deposit.
Both types have been dated using single-grain OSL. About 40% of the grains of
the samples of both types were either saturated or exhibit Class-3 behaviour.
The presented De distributions are therefore to be understood as truncated.
Additionally, the De distribution of UoW1323 (first type) shows some grains with
significantly lower De values that might indicate post-depositional mixing at this
site. The De distributions and the sedimentary context precludes to estimate
ages for these samples but it is apparent that both samples exhibit grains with
De values higher than found in the other investigated sites on the Gum Creek
system while total dose rates are similar to those observed within the system.
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Appendix B-1: Contributions (%) of different tasks by the authors of the
paper presented in Chapter 4.
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24 6.3 12.7 2.9 11.6 73.7 MUD Bimodal 3.9
46 5.0 31.3 3.4 19.2 422.1 MUD Bimodal 6.6
67 6.6 10.1 2.6 8.4 63.5 MUD Unimodal 3.5
107 3.0 124.8 5.0 337.3 794.3 FINE SAND Bimodal 7.1
135 6.9 8.6 3.0 8.3 27.1 MUD Unimodal 2.3
182 6.7 9.3 3.0 9.0 31.5 MUD Unimodal 2.5
247 4.9 32.8 3.6 20.0 452.6 MUD Bimodal 6.7
292 6.4 12.0 3.1 11.0 58.6 MUD Unimodal 3.2
314 4.7 38.1 4.7 38.1 303.8 MUD Trimodal 5.0
350 2.7 149.8 5.9 175.7 2,790.4 FINE SAND Trimodal 11.2
359 0.5 715.7 21.3 1,365.3 3,937.4 COARSE SAND Bimodal 6.9
369 0.7 615.4 13.5 2,276.8 4,075.1 COARSE SAND Bimodal 9.4
378 2.0 253.0 10.0 455.6 2,841.7 MEDIUM SAND Trimodal 9.2
383 2.9 132.8 7.9 275.9 691.4 FINE SAND Bimodal 5.6
387 1.8 291.7 12.5 500.3 2,670.8 MEDIUM SAND Polymodal 7.8
392 1.0 514.6 22.3 717.8 3,361.3 COARSE SAND Trimodal 6.4
396 1.2 428.3 19.1 569.1 3,711.3 MEDIUM SAND Polymodal 7.6
402 3.0 126.5 15.2 162.9 551.4 FINE SAND Unimodal 4.0
405 4.5 45.6 4.2 34.5 558.5 MUD Bimodal 6.8
410 1.8 277.5 25.2 412.6 715.9 MEDIUM SAND Unimodal 3.3
424 1.5 362.8 72.3 433.1 870.7 MEDIUM SAND Unimodal 2.6
437 2.1 240.7 16.4 434.2 1,183.8 FINE SAND Trimodal 5.3
472 -0.1 1,042.3 284.2 888.8 3,520.7 COARSE SAND Bimodal 2.9
487 0.6 676.7 69.3 710.7 3,863.8 COARSE SAND Bimodal 4.9
503 -0.5 1,434.1 159.5 2,254.2 5,289.3 COARSE SAND Bimodal 3.7
518 0.0 969.2 322.4 780.8 3,330.9 COARSE SAND Bimodal 2.6
533 -0.6 1,517.5 308.0 2,082.1 5,095.2 COARSE SAND Bimodal 3.2
548 0.0 980.7 52.8 1,793.2 3,742.9 COARSE SAND Bimodal 5.0
556 -2.2 4,615.8 312.1 7,754.0 26,408.8 GRAVEL Bimodal 2.4
571 0.3 836.4 94.9 815.7 3,682.2 COARSE SAND Bimodal 4.2
591 2.4 195.0 17.1 235.7 2,634.0 FINE SAND Bimodal 5.6
634 0.3 817.5 55.8 801.8 3,818.1 COARSE SAND Bimodal 4.9
649 1.1 478.9 31.4 533.6 3,292.4 MEDIUM SAND Trimodal 5.9
664 0.5 705.3 45.7 800.7 5,356.6 COARSE SAND Bimodal 6.3
672 -0.5 1,385.9 103.2 2,187.7 6,723.8 COARSE SAND Bimodal 4.9
680 -0.9 1,873.9 73.7 4,155.2 10,398.7 COARSE SAND Bimodal 5.0
687 0.9 542.9 29.1 543.9 5,325.4 COARSE SAND Trimodal 7.1
703 2.6 167.6 22.2 237.3 542.2 FINE SAND Unimodal 3.5
718 1.8 283.3 19.6 257.8 3,463.5 MEDIUM SAND Bimodal 7.2
727 -0.1 1,052.7 43.1 2,254.9 5,980.7 COARSE SAND Bimodal 6.7
747 6.6 10.6 1.3 10.5 66.6 MUD Trimodal 5.6
790 4.3 51.5 4.4 40.0 601.1 MUD Bimodal 6.8
851 5.8 18.5 3.6 21.8 69.2 MUD Unimodal 3.1
927 3.6 85.0 4.9 139.5 624.4 FINE SAND Bimodal 6.6
971 6.0 15.6 3.1 17.7 61.4 MUD Unimodal 3.1
1,015 5.8 18.2 3.6 20.5 78.9 MUD Bimodal 3.5
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17 1.4 391.7 142.4 407.2 845.0 MEDIUM SAND Unimodal 2.4
39 2.9 133.5 7.5 275.6 689.4 FINE SAND Trimodal 5.6
59 4.6 40.6 3.7 30.4 523.8 MUD Bimodal 7.0
78 5.1 29.4 3.3 14.9 493.9 MUD Bimodal 7.1
98 3.9 68.7 5.1 69.5 747.9 FINE SAND Bimodal 7.0
112 5.2 27.9 4.1 20.2 308.1 MUD Bimodal 5.2
145 4.3 52.2 6.0 57.2 405.9 MUD Bimodal 4.9
161 0.3 801.3 102.5 731.2 5,024.6 COARSE SAND Bimodal 5.0
167 1.2 432.3 30.4 396.3 3,187.5 MEDIUM SAND Bimodal 5.8
178 0.8 590.1 43.7 472.8 3,806.5 COARSE SAND Bimodal 5.2
182 2.7 151.4 10.9 242.3 765.8 FINE SAND Unimodal 5.0
199 1.7 314.6 107.2 332.9 638.4 MEDIUM SAND Unimodal 2.2
214 0.3 817.6 125.5 513.7 7,851.9 COARSE SAND Bimodal 4.6
217 1.1 467.1 87.5 489.9 2,364.7 MEDIUM SAND Bimodal 3.2
230 0.0 998.2 186.7 734.6 6,711.0 COARSE SAND Bimodal 4.2
240 2.1 234.4 22.8 347.4 1,046.8 FINE SAND Trimodal 4.9
249 2.7 152.5 13.1 259.0 597.3 FINE SAND Bimodal 4.3
269 1.5 352.4 166.6 357.9 693.1 MEDIUM SAND Unimodal 1.9
274 0.3 786.2 95.1 525.6 6,573.1 COARSE SAND Bimodal 5.0
290 2.7 155.2 18.0 219.8 535.5 FINE SAND Unimodal 3.6
300 2.7 152.1 20.3 193.6 577.5 FINE SAND Unimodal 3.6
310 1.8 295.0 102.1 308.5 586.2 MEDIUM SAND Unimodal 2.2
317 0.7 628.9 32.4 721.6 5,099.1 COARSE SAND Bimodal 6.8
335 0.3 797.2 235.8 626.7 3,412.6 COARSE SAND Bimodal 2.8
341 -0.1 1,075.4 344.8 853.2 4,190.8 COARSE SAND Bimodal 2.8
348 -0.1 1,107.7 216.4 957.5 5,940.5 COARSE SAND Bimodal 3.9
355 0.4 773.1 109.3 632.5 4,481.7 COARSE SAND Bimodal 4.7
362 0.6 649.1 60.2 544.2 3,261.5 COARSE SAND Bimodal 4.5
366 0.7 636.3 41.8 622.3 2,614.2 COARSE SAND Bimodal 4.2
375 1.1 463.5 29.1 518.9 2,751.7 MEDIUM SAND Bimodal 5.4
379 1.4 390.6 17.9 491.0 3,199.6 MEDIUM SAND Polymodal 6.9
384 1.0 511.4 34.6 517.1 2,861.7 COARSE SAND Bimodal 5.0
393 2.3 208.9 7.7 387.9 2,694.4 FINE SAND Trimodal 9.8
397 6.1 14.3 3.3 11.4 97.2 MUD Unimodal 3.7
411 6.2 13.5 2.9 12.4 86.9 MUD Bimodal 4.0
437 6.2 13.3 2.7 9.6 156.7 MUD Bimodal 4.6
468 5.6 20.7 3.0 18.7 142.6 MUD Bimodal 4.5
499 3.3 98.1 4.4 242.2 620.8 FINE SAND Bimodal 6.8
544 4.3 51.6 4.0 67.4 450.6 MUD Trimodal 6.3
581 3.7 78.2 5.1 157.9 464.3 FINE SAND Bimodal 5.8
601 2.9 137.8 9.6 255.5 626.3 FINE SAND Bimodal 4.9
608 3.3 103.3 7.1 198.2 534.1 FINE SAND Bimodal 5.3
615 3.3 100.8 5.6 176.8 792.7 FINE SAND Trimodal 6.8
622 5.8 18.4 3.1 13.9 174.1 MUD Bimodal 4.7
637 3.2 105.8 8.3 174.1 517.3 FINE SAND Bimodal 4.8
651 4.7 39.5 3.8 46.3 291.2 MUD Bimodal 5.4
658 4.8 34.8 3.4 39.3 286.0 MUD Bimodal 5.6
665 5.3 26.1 3.5 27.2 212.7 MUD Bimodal 4.8
671 5.8 17.6 3.0 15.7 136.2 MUD Trimodal 4.4
676 5.6 21.2 3.3 17.1 253.6 MUD Trimodal 5.1
683 6.4 11.9 2.3 9.7 119.9 MUD Bimodal 4.6
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20 1.0 503.7 206.0 505.6 2,206.7 COARSE SAND Bimodal 2.3
28 0.3 837.8 336.4 667.2 2,792.7 COARSE SAND Bimodal 2.3
42 1.4 380.6 77.8 399.6 2,366.1 MEDIUM SAND Bimodal 3.3
53 1.5 413.9 144.4 447.0 858.9 MEDIUM SAND Unimodal 2.4
70 1.3 353.1 115.5 378.1 753.3 MEDIUM SAND Unimodal 2.0
90 1.5 363.1 109.4 394.5 764.1 MEDIUM SAND Unimodal 2.3
111 1.5 345.3 58.1 423.0 1,322.3 MEDIUM SAND Bimodal 3.7
145 0.3 799.8 349.5 665.6 2,567.3 COARSE SAND Bimodal 2.1
162 1.7 305.5 32.2 385.7 812.9 MEDIUM SAND Unimodal 3.3
184 1.4 373.5 147.4 391.5 715.7 MEDIUM SAND Unimodal 2.4
206 1.5 349.1 73.5 374.3 725.3 MEDIUM SAND Unimodal 2.6
229 2.7 150.5 9.7 280.8 622.7 FINE SAND Unimodal 4.7
234 2.2 216.6 18.2 318.4 734.5 FINE SAND Unimodal 3.9
280 1.0 490.1 240.3 494.0 971.0 MEDIUM SAND Unimodal 1.9
298 1.0 494.4 261.3 502.0 891.4 MEDIUM SAND Unimodal 1.6
307 1.1 454.5 215.0 464.2 887.2 MEDIUM SAND Unimodal 1.8
316 1.1 452.2 245.8 456.4 803.0 MEDIUM SAND Unimodal 1.6
325 0.9 541.7 204.0 541.3 2,306.2 COARSE SAND Bimodal 2.6
344 2.1 230.9 28.5 288.0 751.4 FINE SAND Unimodal 3.4
362 2.1 240.3 29.0 314.0 699.2 FINE SAND Unimodal 3.4
400 0.3 785.5 284.0 644.0 2,720.8 COARSE SAND Bimodal 2.4
417 2.1 225.3 25.1 300.9 663.2 FINE SAND Unimodal 3.4
439 2.1 236.6 32.3 311.4 690.1 FINE SAND Unimodal 3.3
483 1.8 293.8 135.1 295.8 615.2 MEDIUM SAND Unimodal 1.8
494 0.5 720.9 153.8 605.2 3,150.0 COARSE SAND Bimodal 3.7
517 2.4 190.7 37.2 227.4 516.9 FINE SAND Unimodal 2.8
540 2.7 151.8 22.3 197.6 493.6 FINE SAND Unimodal 3.3
562 2.9 133.7 15.3 183.4 526.9 FINE SAND Unimodal 3.9
578 3.8 72.5 9.6 74.7 428.4 FINE SAND Bimodal 4.3
608 4.0 63.9 6.3 92.9 335.5 FINE SAND Unimodal 4.6
627 3.0 127.6 26.2 148.2 323.7 FINE SAND Unimodal 2.6
642 2.8 143.8 33.7 160.1 358.1 FINE SAND Unimodal 2.5
673 1.8 285.7 39.2 396.2 880.2 MEDIUM SAND Unimodal 3.5
704 3.0 129.0 13.3 173.0 640.9 FINE SAND Unimodal 4.4
753 1.8 279.3 129.1 278.8 599.7 MEDIUM SAND Unimodal 1.8
767 -0.7 1,615.6 263.6 2,296.2 3,707.8 COARSE SAND Bimodal 3.2
779 3.9 66.4 12.6 79.7 216.6 MEDIUM SAND Unimodal 3.0
800 3.9 67.3 12.2 82.8 222.8 MEDIUM SAND Unimodal 3.1
813 3.1 118.2 20.9 139.2 297.8 MEDIUM SAND Unimodal 2.7
827 4.3 49.0 7.6 60.8 198.8 MUD Unimodal 3.5
836 1.2 421.7 156.4 437.2 892.2 MEDIUM SAND Unimodal 2.4
847 1.2 434.6 203.0 442.4 850.7 MEDIUM SAND Unimodal 2.0
861 3.7 77.8 13.5 95.7 236.4 FINE SAND Unimodal 3.0
864 3.9 65.5 10.2 80.2 265.5 FINE SAND Unimodal 3.5
869 1.8 279.4 36.1 385.1 895.0 MEDIUM SAND Unimodal 3.6
946 -0.7 1,575.0 388.4 2,096.8 5,100.6 COARSE SAND Bimodal 2.7
960 -0.1 1,088.4 374.4 881.6 3,687.5 COARSE SAND Bimodal 2.5
964 -0.5 1,420.0 405.0 1,652.3 3,877.1 COARSE SAND Bimodal 2.5
974 -0.9 1,835.6 421.0 2,400.2 6,741.9 COARSE SAND Bimodal 2.6
992 1.0 491.2 154.5 508.9 2,321.2 MEDIUM SAND Bimodal 2.4
1,011 2.9 135.5 25.5 168.3 383.4 FINE SAND Unimodal 2.9
1,042 -0.1 1,091.5 328.5 930.1 3,782.3 COARSE SAND Bimodal 2.7
1,053 -0.8 1,708.5 110.8 2,472.5 12,812.5 COARSE SAND Bimodal 6.8
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1,059 5.5 22.0 4.6 21.5 341.6 MUD Bimodal 4.0
1,066 -0.2 1,137.5 84.5 1,856.2 6,477.8 COARSE SAND Bimodal 5.8
1,086 4.1 60.2 5.0 64.2 523.9 MUD Bimodal 6.1
1,116 5.9 17.2 3.4 15.7 109.4 MUD Unimodal 3.7
1,145 2.3 196.3 7.8 231.4 3,187.5 FINE SAND Trimodal 10.6
1,165 3.9 68.5 5.0 77.6 771.6 FINE SAND Polymodal 7.3
1,191 4.8 36.5 3.6 31.0 432.0 MUD Trimodal 6.4
1,217 3.5 89.9 4.4 192.1 669.6 FINE SAND Bimodal 7.1
1,235 6.9 8.2 0.2 7.8 52.8 MUD Bimodal 5.4
1,261 5.9 16.5 3.4 17.0 263.5 MUD Bimodal 4.1
YA4-3
25 2.6 161.1 12.2 258.4 563.6 FINE SAND Unimodal 4.1
47 2.7 154.9 11.3 255.2 555.3 FINE SAND Unimodal 4.2
74 2.9 135.9 9.0 251.3 561.7 FINE SAND Unimodal 4.7
96 2.9 138.1 9.5 257.5 570.6 FINE SAND Bimodal 4.7
118 2.8 143.5 10.7 249.3 552.5 FINE SAND Bimodal 4.3
170 1.7 308.9 148.0 317.9 555.0 MEDIUM SAND Unimodal 2.1
178 1.6 330.3 136.0 342.8 625.4 MEDIUM SAND Unimodal 2.4
188 3.8 72.3 5.0 117.0 504.6 FINE SAND Bimodal 6.0
206 2.9 136.6 11.2 225.2 531.8 FINE SAND Bimodal 4.2
226 3.1 120.1 9.1 217.7 517.0 FINE SAND Bimodal 4.6
246 2.9 136.2 11.4 232.4 522.7 FINE SAND Bimodal 4.2
261 3.7 75.2 6.6 96.5 502.9 FINE SAND Bimodal 5.4
265 3.1 115.1 8.8 208.2 515.7 FINE SAND Bimodal 4.7
280 1.8 287.5 148.2 292.9 513.2 MEDIUM SAND Unimodal 1.7
322 3.0 127.0 27.5 144.8 352.5 FINE SAND Unimodal 2.7
334 4.0 64.4 10.6 80.2 228.6 FINE SAND Unimodal 3.2
346 1.3 405.4 69.1 427.0 735.8 MEDIUM SAND Unimodal 2.2
378 3.2 105.5 15.4 129.2 386.7 FINE SAND Unimodal 3.4
395 -0.8 1,755.7 249.7 2,610.9 6,579.6 COARSE SAND Bimodal 3.7
443 1.6 320.4 133.1 325.0 733.3 MEDIUM SAND Unimodal 2.3
455 -0.8 1,764.7 258.7 2,511.9 7,446.4 COARSE SAND Bimodal 3.2
476 2.5 179.6 33.9 209.8 423.9 FINE SAND Unimodal 2.6
493 0.9 518.2 66.2 448.1 3,535.9 COARSE SAND Bimodal 4.8
501 -0.6 1,558.1 196.9 2,154.9 8,430.1 COARSE SAND Bimodal 3.5
528 1.2 445.6 103.1 453.0 2,293.9 MEDIUM SAND Bimodal 2.9
549 1.8 296.3 31.0 407.5 958.0 MEDIUM SAND Bimodal 4.1
587 2.7 151.1 12.7 232.6 620.8 FINE SAND Unimodal 4.3
596 3.1 117.7 9.0 202.9 561.4 FINE SAND Bimodal 4.9
612 3.2 109.7 9.4 188.6 451.1 FINE SAND Bimodal 4.4
627 3.2 106.8 7.2 181.7 645.4 FINE SAND Bimodal 5.6
649 2.5 171.5 13.9 281.2 617.6 FINE SAND Unimodal 4.1
665 1.2 437.4 179.2 452.9 750.4 MEDIUM SAND Unimodal 2.1
680 2.0 244.7 17.6 422.9 823.1 FINE SAND Unimodal 4.1
695 2.5 181.6 15.3 299.9 666.2 FINE SAND Bimodal 4.2
726 1.1 472.8 146.1 496.9 930.0 MEDIUM SAND Unimodal 2.3
753 1.3 399.0 172.9 415.0 735.7 MEDIUM SAND Unimodal 2.0
764 2.6 159.6 13.6 268.8 632.0 FINE SAND Bimodal 4.3
780 0.9 540.9 187.9 565.7 1,526.0 COARSE SAND Bimodal 2.4
793 1.2 435.1 239.9 443.6 713.2 MEDIUM SAND Unimodal 1.9
807 1.2 444.7 117.4 468.1 833.7 MEDIUM SAND Unimodal 2.0
831 1.2 443.7 131.8 489.1 963.6 MEDIUM SAND Unimodal 2.3
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839 1.4 380.4 90.7 437.2 861.7 MEDIUM SAND Unimodal 2.3
850 1.2 420.6 154.9 447.6 830.5 MEDIUM SAND Unimodal 2.0
861 1.4 377.9 77.7 462.8 921.5 MEDIUM SAND Bimodal 2.7
868 2.4 192.5 12.8 348.0 859.1 FINE SAND Bimodal 5.0
874 2.8 145.5 14.4 222.4 584.9 FINE SAND Bimodal 4.1
881 1.4 390.9 19.5 383.3 4,009.1 MEDIUM SAND Bimodal 8.0
888 1.5 364.6 15.7 435.0 3,391.6 MEDIUM SAND Trimodal 7.5
894 2.4 187.1 10.5 365.1 931.5 FINE SAND Bimodal 5.9
905 2.0 242.0 15.7 500.8 2,144.8 FINE SAND Bimodal 5.6
925 1.1 455.7 22.5 510.0 3,379.0 MEDIUM SAND Bimodal 6.1
991 1.2 434.1 20.5 398.2 3,676.7 MEDIUM SAND Bimodal 6.9
1,007 2.8 140.4 16.4 180.1 391.9 FINE SAND Unimodal 3.1
1,054 2.4 185.0 13.0 308.8 2,282.4 FINE SAND Trimodal 5.9
1,085 3.2 111.3 13.3 159.8 377.5 FINE SAND Unimodal 3.5
1,116 1.2 432.1 18.5 474.8 4,196.3 MEDIUM SAND Polymodal 7.7
1,132 3.9 69.0 8.7 92.2 264.9 FINE SAND Unimodal 3.7
1,163 3.2 111.9 14.0 161.3 369.7 FINE SAND Unimodal 3.5
1,185 3.9 65.7 6.8 86.6 339.3 FINE SAND Unimodal 4.4
1,194 3.0 124.9 14.3 160.2 477.8 FINE SAND Unimodal 3.7
1,244 0.3 797.5 120.5 623.5 5,598.5 COARSE SAND Bimodal 4.6
1,276 1.6 333.1 40.1 455.2 873.5 MEDIUM SAND Unimodal 3.2
1,292 1.6 332.4 28.8 481.6 977.4 MEDIUM SAND Unimodal 3.9
1,308 1.7 302.7 31.7 415.3 797.8 MEDIUM SAND Unimodal 3.2
1,324 2.0 252.9 28.4 377.2 793.5 MEDIUM SAND Bimodal 3.6
1,329 2.4 192.3 21.4 295.0 673.0 FINE SAND Bimodal 3.8
1,335 1.4 390.3 15.4 470.9 5,805.8 MEDIUM SAND Trimodal 8.7
1,357 1.1 455.8 12.8 691.4 5,359.8 MEDIUM SAND Trimodal 9.7
1,368 0.1 907.0 69.4 898.6 6,219.8 COARSE SAND Bimodal 5.8
1,385 0.8 590.5 77.3 476.5 3,563.0 COARSE SAND Bimodal 4.4
1,401 -1.0 2,070.3 251.5 4,052.9 15,285.0 COARSE SAND Bimodal 3.0
1,418 1.7 304.8 40.2 424.3 1,001.7 MEDIUM SAND Bimodal 3.9
1,427 0.2 894.6 44.0 1,296.0 5,181.4 COARSE SAND Bimodal 5.9
1,435 1.8 296.6 37.2 403.6 858.4 MEDIUM SAND Unimodal 3.3
1,446 1.4 375.1 28.2 384.9 2,867.0 MEDIUM SAND Bimodal 6.0
1,457 0.9 545.9 34.8 549.6 5,123.8 COARSE SAND Bimodal 6.9
1,462 1.9 265.3 31.2 379.6 969.3 MEDIUM SAND Bimodal 4.2
1,479 1.6 328.5 20.3 360.0 2,964.3 MEDIUM SAND Trimodal 6.6
1,487 2.5 171.1 11.7 254.1 2,537.4 FINE SAND Bimodal 6.5
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50 9.3 1.6 0.1 3.0 10.6 MUD Bimodal 5.8
150 7.2 6.7 2.5 6.4 20.9 MUD Unimodal 2.3
220 5.6 20.2 4.1 20.5 122.2 MUD Bimodal 4.1
265 5.8 17.9 4.0 19.6 65.6 MUD Unimodal 2.9
306 4.5 45.0 6.5 60.5 179.2 MUD Unimodal 3.6
315 5.3 25.2 4.4 31.8 98.3 MUD Bimodal 3.3
385 4.8 35.8 5.1 53.6 125.5 MUD Bimodal 3.4
414 3.9 67.6 6.7 75.3 457.3 FINE SAND Bimodal 5.0
422 4.3 49.8 6.4 65.7 261.1 MUD Trimodal 4.0
422 3.8 69.6 7.1 70.9 466.9 FINE SAND Bimodal 5.0
427 1.8 292.2 48.7 356.4 663.3 MEDIUM SAND Unimodal 2.7
437 4.7 39.5 5.1 58.1 164.3 MUD Bimodal 3.9
437 3.1 119.9 10.0 154.1 617.5 FINE SAND Trimodal 4.7
442 4.6 41.5 5.1 67.1 153.2 MUD Bimodal 3.7
444 3.5 87.2 10.3 95.3 353.5 FINE SAND Bimodal 3.4
447 1.3 420.1 79.0 451.8 912.8 MEDIUM SAND Unimodal 2.5
450 1.4 376.3 41.8 421.7 867.9 MEDIUM SAND Unimodal 2.9
457 3.1 117.5 8.6 230.4 534.2 FINE SAND Bimodal 4.9
459 5.5 21.9 4.9 25.9 70.1 MUD Unimodal 2.8
GC1-2
50 9.7 1.2 0.1 1.9 7.6 MUD Bimodal 5.2
150 6.6 10.6 2.9 9.4 53.7 MUD Unimodal 3.0
250 4.5 45.5 6.2 61.8 179.2 MUD Unimodal 3.6
309 3.9 65.1 6.9 103.9 256.7 FINE SAND Bimodal 4.0
316 3.5 87.0 9.7 122.0 370.8 FINE SAND Unimodal 4.0
330 1.6 329.5 52.0 350.7 657.7 MEDIUM SAND Unimodal 2.5
340 2.3 209.7 13.4 455.1 892.2 FINE SAND Unimodal 5.2
350 2.8 142.2 8.7 305.1 701.6 FINE SAND Bimodal 5.4
355 4.7 38.8 5.0 51.5 191.0 MUD Bimodal 4.1
370 1.5 341.6 38.9 365.7 639.2 MEDIUM SAND Unimodal 2.5
380 1.6 326.0 32.8 362.0 632.6 MEDIUM SAND Unimodal 2.5
390 2.2 216.3 26.5 321.3 619.8 FINE SAND Unimodal 3.3
400 2.4 195.2 21.4 296.5 551.7 FINE SAND Unimodal 3.4
410 1.8 295.5 47.2 309.7 539.8 MEDIUM SAND Unimodal 2.3
420 1.6 337.7 36.6 373.8 715.9 MEDIUM SAND Unimodal 2.7
434 2.7 151.0 16.8 225.4 468.2 FINE SAND Unimodal 3.5
443 4.1 56.5 6.2 73.0 329.7 MUD Unimodal 4.6
453 2.0 241.5 22.8 326.7 642.8 FINE SAND Unimodal 3.2
459 1.8 279.3 21.0 417.2 738.0 MEDIUM SAND Unimodal 3.4
472 2.5 177.7 16.7 274.6 616.6 FINE SAND Unimodal 3.8
487 4.7 38.0 5.4 51.6 158.6 MUD Bimodal 3.7
495 1.4 371.2 123.7 385.8 776.7 MEDIUM SAND Unimodal 2.5
500 1.7 303.1 30.6 363.2 700.5 MEDIUM SAND Unimodal 2.9
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22 6.5 11.2 2.9 9.9 81.7 MUD Bimodal 3.9
42 6.3 12.9 2.9 10.0 270.8 MUD Bimodal 4.5
61 7.0 7.9 2.5 7.2 35.1 MUD Bimodal 3.5
80 6.9 8.4 2.5 7.7 34.2 MUD Unimodal 2.7
109 6.8 9.0 2.6 8.1 44.6 MUD Bimodal 3.6
153 6.7 9.9 2.8 9.2 48.3 MUD Bimodal 3.8
210 6.6 10.0 2.5 8.2 137.2 MUD Bimodal 4.1
247 6.6 10.3 2.6 8.7 107.2 MUD Bimodal 4.1
291 6.4 11.9 3.4 12.4 39.5 MUD Unimodal 3.2
321 6.4 11.7 3.2 10.9 77.4 MUD Bimodal 3.3
322 4.9 32.4 3.8 44.2 173.5 MUD Bimodal 4.4
326 4.4 48.5 6.5 70.7 171.6 MUD Bimodal 3.5
329 4.2 53.6 6.7 77.8 214.6 MUD Bimodal 3.8
332 3.4 96.5 6.5 90.9 2,461.4 FINE SAND Polymodal 8.9
342 4.3 49.3 3.6 54.6 533.2 MUD Trimodal 6.9
350 4.9 34.4 3.4 29.5 430.1 MUD Trimodal 6.4
358 4.3 50.1 6.2 39.5 523.0 MUD Trimodal 5.8
363 3.5 88.6 6.2 126.7 661.3 FINE SAND Bimodal 6.1
366 5.0 30.8 3.0 28.3 383.9 MUD Trimodal 6.4
371 1.8 278.3 9.0 290.0 6,870.0 MEDIUM SAND Trimodal 11.9
376 5.1 29.2 2.3 29.6 387.5 MUD Polymodal 9.3
388 2.3 202.0 9.2 214.2 3,914.2 FINE SAND Trimodal 10.7
394 5.0 31.5 3.1 29.5 406.3 MUD Trimodal 6.5
406 3.7 321.9 8.5 635.9 4,585.7 FINE SAND Trimodal 11.8
406 1.6 79.0 4.7 29.2 3,288.1 MEDIUM SAND Trimodal 13.1
414 6.0 15.1 1.9 14.4 130.5 MUD Polymodal 10.7
414 2.5 176.6 7.4 199.4 3,138.0 FINE SAND Trimodal 7.0
422 5.9 16.7 3.1 17.1 95.8 MUD Bimodal 11.7
422 2.4 193.5 7.8 235.5 3,756.1 FINE SAND Trimodal 3.8
442 1.4 379.5 9.6 667.8 6,299.7 MEDIUM SAND Bimodal 12.6
456 2.5 175.5 5.5 162.1 8,907.9 FINE SAND Bimodal 12.7
465 2.2 211.3 6.2 277.5 4,539.5 FINE SAND Bimodal 13.4
480 1.7 302.0 7.0 441.8 7,076.3 MEDIUM SAND Bimodal 13.8
490 3.0 125.7 6.9 208.6 2,402.5 FINE SAND Bimodal 8.3
496 3.9 67.7 5.6 64.7 658.6 FINE SAND Bimodal 6.4
524 5.1 29.9 3.4 26.1 386.9 MUD Trimodal 6.0
529 2.3 199.3 11.1 422.1 2,595.9 FINE SAND Bimodal 7.3
542 0.1 913.3 11.1 3,352.8 13,388.5 COARSE SAND Bimodal 7.5
556 2.7 155.3 5.3 204.0 3,235.0 FINE SAND Bimodal 12.3
575 2.8 147.5 8.0 316.3 860.5 FINE SAND Bimodal 6.3
579 2.8 141.8 7.4 338.0 790.3 FINE SAND Bimodal 6.1
582 3.1 117.4 4.5 285.4 986.2 FINE SAND Trimodal 9.0
588 2.1 230.7 5.8 426.0 3,715.3 FINE SAND Trimodal 13.0
596 4.9 33.4 3.3 23.6 511.6 MUD Bimodal 7.1
605 5.3 25.8 3.5 19.9 330.0 MUD Trimodal 5.5
622 5.5 22.7 3.5 20.1 284.8 MUD Trimodal 5.0
639 6.1 14.6 2.9 13.9 94.1 MUD Trimodal 4.0
656 6.1 14.8 2.9 14.2 86.9 MUD Trimodal 4.1
691 5.9 17.2 3.6 18.7 79.6 MUD Bimodal 3.7
743 5.8 18.1 3.5 19.9 90.8 MUD Bimodal 3.9
775 5.6 20.5 3.6 20.4 285.4 MUD Bimodal 4.5
790 5.9 16.7 3.2 17.0 266.2 MUD Trimodal 4.4
811 6.1 14.6 3.2 16.0 56.3 MUD Unimodal 3.0
826 6.2 13.5 2.8 13.0 79.0 MUD Trimodal 3.8
disturbed units
- 259 -
Appendix B-3 (continued): Grain size characteristics of samples from the

















60 7.5 5.5 0.3 5.6 20.2 MUD Bimodal 3.7
100 5.8 17.8 3.3 13.9 157.4 MUD Trimodal 4.5
150 4.8 36.7 5.7 40.0 188.5 MUD Bimodal 3.9
200 4.1 57.7 7.0 79.2 275.6 MUD Bimodal 4.2
250 4.1 56.9 6.6 80.2 276.1 MUD Bimodal 4.3
300 4.1 59.9 7.5 83.8 259.7 MUD Bimodal 4.0
350 4.2 55.9 6.7 75.3 270.0 MUD Bimodal 4.2
495 4.8 34.7 7.8 33.0 156.0 MUD Unimodal 3.2
525 3.3 98.8 11.7 141.2 449.3 FINE SAND Bimodal 4.2
GC2-3
17 4.8 35.9 3.5 21.8 554.8 MUD Bimodal 7.3
33 4.7 37.2 3.7 22.4 554.6 MUD Bimodal 7.2
41 4.1 57.9 4.1 64.4 619.9 MUD Bimodal 7.2
49 4.6 40.6 3.6 28.1 576.0 MUD Bimodal 7.3
56 4.4 48.8 3.8 41.6 630.6 MUD Bimodal 7.4
64 4.9 34.6 3.4 19.6 560.4 MUD Bimodal 7.4
72 4.5 43.3 3.8 31.3 573.0 MUD Bimodal 7.1
91 2.3 205.1 9.1 425.9 744.3 FINE SAND Unimodal 4.8
101 4.8 34.7 3.6 20.3 525.8 MUD Bimodal 7.0
116 4.4 46.2 4.2 35.5 563.1 MUD Bimodal 6.9
132 4.9 33.5 3.9 18.3 506.2 MUD Bimodal 6.7
139 3.9 67.8 5.1 75.2 631.3 MUD Bimodal 6.6
147 4.7 39.5 4.1 24.6 534.9 MUD Bimodal 6.8
155 3.5 88.5 4.9 185.1 611.5 MUD Bimodal 6.6
162 5.0 31.2 3.6 18.4 424.3 MUD Bimodal 6.5
180 2.4 183.6 12.3 442.2 760.8 FINE SAND Bimodal 5.0
182 3.4 95.1 4.3 238.8 669.5 FINE SAND Bimodal 7.2
188 3.6 83.5 4.3 179.7 629.6 FINE SAND Bimodal 7.1
190 3.3 100.9 4.7 248.8 669.5 FINE SAND Bimodal 6.9
201 3.0 123.0 5.5 333.4 687.0 FINE SAND Bimodal 6.5
208 3.2 106.4 4.8 298.1 653.0 FINE SAND Bimodal 6.8
215 3.2 110.6 5.1 291.9 646.7 FINE SAND Bimodal 6.5
223 2.5 178.3 8.8 378.4 736.9 FINE SAND Unimodal 5.1
230 3.2 106.6 1.6 340.9 679.7 FINE SAND Unimodal 11.0
237 2.5 177.2 8.6 389.1 698.1 FINE SAND Unimodal 5.0
248 2.7 157.2 6.5 393.9 706.4 FINE SAND Unimodal 5.7
252 3.1 114.4 4.9 333.2 668.9 FINE SAND Bimodal 6.8
259 2.8 139.4 7.4 376.3 651.9 FINE SAND Unimodal 5.7
266 2.7 156.6 7.8 431.4 728.5 FINE SAND Unimodal 5.8
282 1.1 466.3 241.0 478.1 787.9 MEDIUM SAND Unimodal 2.1
288 2.6 167.7 8.7 375.0 704.5 FINE SAND Unimodal 5.2
299 3.0 128.9 5.9 353.5 699.0 FINE SAND Bimodal 6.4
311 2.9 137.7 6.9 340.8 704.8 FINE SAND Bimodal 6.0
319 2.4 195.6 11.0 338.3 738.3 FINE SAND Unimodal 4.6
324 2.9 132.5 6.6 312.1 641.3 FINE SAND Bimodal 5.7
333 3.1 120.0 5.9 266.0 622.1 FINE SAND Trimodal 5.9
345 1.8 280.7 17.7 438.0 865.6 MEDIUM SAND Unimodal 4.0
356 2.1 231.0 17.0 360.4 680.5 FINE SAND Unimodal 3.8
365 2.6 166.3 8.6 342.4 677.8 FINE SAND Unimodal 5.0
373 2.1 231.7 15.8 385.5 757.8 FINE SAND Unimodal 4.1
382 2.4 195.1 14.3 327.8 650.2 FINE SAND Unimodal 4.1
388 2.6 161.5 8.8 330.7 780.2 FINE SAND Trimodal 5.4
400 1.3 399.3 163.0 417.5 802.7 MEDIUM SAND Unimodal 2.0
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400 1.3 399.3 163.0 417.5 802.7 MEDIUM SAND Unimodal 2.0
403 2.9 135.2 10.7 243.3 643.7 FINE SAND Bimodal 4.9
411 2.3 209.7 15.2 428.8 877.2 FINE SAND Bimodal 4.8
426 2.6 161.2 12.6 271.3 577.5 FINE SAND Unimodal 4.1
431 3.0 122.9 10.7 189.2 520.0 FINE SAND Unimodal 4.3
436 3.1 113.7 7.0 238.9 571.4 FINE SAND Trimodal 5.4
438 3.3 100.7 7.3 179.5 496.5 FINE SAND Bimodal 5.0
456 1.2 443.6 219.9 453.5 820.3 MEDIUM SAND Unimodal 1.7
482 1.0 492.9 228.7 505.3 928.7 MEDIUM SAND Unimodal 2.4
496 2.9 134.9 10.1 239.7 539.1 FINE SAND Bimodal 4.5
509 2.7 157.9 15.8 242.1 485.7 FINE SAND Unimodal 3.6
536 2.8 140.9 14.1 215.2 494.1 FINE SAND Bimodal 3.8
556 2.6 168.2 10.8 357.5 954.8 FINE SAND Trimodal 6.4
563 3.5 85.9 0.4 226.9 631.7 FINE SAND Trimodal 11.4
577 1.4 381.4 36.2 487.6 976.3 MEDIUM SAND Unimodal 3.5
614 1.0 484.8 268.4 488.5 845.6 MEDIUM SAND Unimodal 1.6
623 1.0 503.9 232.0 515.2 966.5 COARSE SAND Unimodal 2.4
631 0.4 745.4 210.3 596.9 2,988.7 COARSE SAND Bimodal 3.5
639 2.1 233.4 18.6 416.8 869.8 FINE SAND Unimodal 4.3
647 1.6 323.0 27.0 465.3 982.6 MEDIUM SAND Unimodal 3.9
656 1.2 425.0 68.2 444.8 808.1 MEDIUM SAND Unimodal 2.3
664 1.1 482.3 258.4 485.7 871.9 MEDIUM SAND Unimodal 1.7
672 0.7 632.5 39.7 564.0 3,641.2 COARSE SAND Trimodal 5.0
684 2.4 183.6 14.2 329.9 2,337.6 FINE SAND Trimodal 6.0
692 3.3 100.6 9.3 151.5 568.2 FINE SAND Bimodal 5.0
700 1.6 320.7 13.2 374.4 5,495.6 MEDIUM SAND Trimodal 10.4
709 1.6 328.0 12.1 501.5 3,989.8 MEDIUM SAND Trimodal 9.9
722 1.4 388.5 11.0 535.8 7,869.9 MEDIUM SAND Trimodal 10.4
743 1.5 344.0 152.2 356.0 653.7 MEDIUM SAND Unimodal 2.0
759 1.9 269.7 67.8 294.7 575.4 MEDIUM SAND Unimodal 2.3
775 1.1 457.2 147.3 464.8 2,100.4 MEDIUM SAND Bimodal 3.0
791 1.1 480.8 47.7 499.0 2,348.7 MEDIUM SAND Bimodal 3.4
804 2.9 131.4 13.4 214.9 624.1 FINE SAND Bimodal 3.5
816 2.5 181.9 15.3 308.9 628.1 FINE SAND Unimodal 4.0
832 2.6 166.2 12.3 293.8 879.9 FINE SAND Trimodal 4.8
856 2.4 189.0 22.1 283.7 583.9 FINE SAND Bimodal 5.9
872 3.1 118.9 9.2 204.9 561.4 FINE SAND Bimodal 6.0
GC2-4
18 6.7 9.8 2.7 8.7 46.0 MUD Unimodal 3.0
46 7.1 7.3 2.4 6.6 28.6 MUD Unimodal 2.6
74 7.2 6.7 2.4 6.3 21.8 MUD Unimodal 2.3
93 7.1 7.1 2.4 6.6 26.5 MUD Unimodal 2.5
111 6.5 10.8 2.6 9.2 65.3 MUD Bimodal 3.6
194 6.4 11.5 3.0 10.2 59.7 MUD Unimodal 3.2
256 6.2 14.0 3.0 12.4 100.4 MUD Bimodal 4.1
266 3.8 69.7 5.7 72.5 630.7 FINE SAND Trimodal 6.3
275 4.5 44.6 4.4 46.2 395.3 MUD Trimodal 5.7
294 4.9 32.9 3.7 27.8 346.4 MUD Trimodal 5.9
310 5.3 25.2 3.8 31.2 119.3 MUD Bimodal 3.8
325 4.7 39.1 3.9 53.8 232.4 MUD Bimodal 4.9
340 5.2 27.8 3.9 35.2 151.0 MUD Bimodal 4.2
355 4.6 40.9 5.0 50.5 246.2 MUD Bimodal 4.5
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355 4.6 40.9 5.0 50.5 246.2 MUD Bimodal 4.5
366 4.6 41.9 4.5 57.6 236.9 MUD Bimodal 4.6
391 2.6 160.8 8.4 316.8 725.4 FINE SAND Unimodal 5.2
402 3.8 71.5 7.4 96.8 346.6 FINE SAND Unimodal 4.3
414 3.7 78.8 7.6 112.1 381.8 FINE SAND Unimodal 4.4
425 2.5 173.3 12.5 300.8 599.2 FINE SAND Unimodal 4.1
431 1.9 266.4 30.6 289.1 510.1 MEDIUM SAND Unimodal 2.5
443 2.4 192.8 18.5 294.8 566.2 FINE SAND Unimodal 3.6
454 2.3 205.5 31.1 282.5 535.4 FINE SAND Unimodal 3.0
475 1.7 305.2 136.4 316.0 552.8 MEDIUM SAND Unimodal 2.2
480 2.7 149.1 15.4 231.4 477.8 FINE SAND Bimodal 3.7
496 2.8 139.6 13.6 221.3 462.2 FINE SAND Bimodal 3.8
512 2.2 225.2 33.5 307.7 597.8 FINE SAND Unimodal 3.1
528 3.4 92.6 8.1 143.2 454.2 FINE SAND Unimodal 4.7
533 1.7 317.0 36.3 338.6 596.3 MEDIUM SAND Unimodal 2.5
544 2.6 166.2 13.4 281.0 590.1 FINE SAND Bimodal 4.1
554 2.2 220.2 23.0 328.2 620.8 FINE SAND Unimodal 3.4
565 1.6 338.5 57.7 355.0 609.8 MEDIUM SAND Unimodal 2.3
585 2.0 257.6 16.9 406.0 1,550.4 MEDIUM SAND Bimodal 5.0
594 2.2 219.8 18.8 335.3 816.2 FINE SAND Unimodal 4.2
615 1.2 427.5 89.3 456.3 852.9 MEDIUM SAND Unimodal 2.4
627 0.2 864.4 279.0 679.9 3,266.4 COARSE SAND Bimodal 2.6
633 1.0 512.9 172.8 521.9 2,338.4 COARSE SAND Bimodal 2.9
642 0.1 951.7 201.4 738.0 5,122.6 COARSE SAND Bimodal 4.3
655 0.4 775.4 264.0 602.0 3,279.4 COARSE SAND Bimodal 3.3
664 0.7 614.2 233.2 548.6 2,598.6 COARSE SAND Bimodal 3.1
673 0.3 796.7 195.3 643.3 3,281.6 COARSE SAND Bimodal 3.6
691 -0.2 1,127.5 208.2 867.9 9,848.9 COARSE SAND Bimodal 3.8
706 -1.7 3,239.7 861.7 7,654.1 82,173.1 GRAVEL Bimodal 1.1
722 -1.3 2,413.6 598.3 2,994.8 7,213.8 GRAVEL Bimodal 2.5
737 -1.4 2,702.2 765.1 3,248.5 6,999.0 GRAVEL Bimodal 2.3
745 -1.5 2,902.6 726.7 3,363.3 9,053.4 GRAVEL Bimodal 2.1
752 -0.8 1,787.5 448.8 2,441.8 5,244.1 COARSE SAND Bimodal 2.6
779 -1.3 2,404.1 410.6 3,107.5 10,034.4 GRAVEL Bimodal 2.7
788 -0.8 1,693.0 279.1 2,313.8 6,169.5 COARSE SAND Bimodal 3.6
801 5.4 23.8 3.3 20.9 273.9 MUD Trimodal 5.3
819 5.4 22.9 3.4 21.2 279.3 MUD Trimodal 5.0
846 4.1 60.4 5.8 66.5 464.3 MUD Bimodal 5.4
873 4.6 40.5 4.8 47.1 325.7 MUD Bimodal 4.9
911 4.0 61.6 4.5 86.6 489.3 MUD Trimodal 6.2
915 4.2 54.4 4.5 63.1 481.5 MUD Trimodal 6.1
918 5.9 16.9 3.5 15.5 86.8 MUD Bimodal 3.5
921 4.9 33.6 4.1 31.8 368.0 MUD Trimodal 5.4
924 3.8 72.3 5.3 72.4 793.3 FINE SAND Trimodal 7.1
932 4.6 41.1 3.8 37.3 488.8 MUD Trimodal 6.5
937 2.8 146.4 8.2 292.0 1,888.0 FINE SAND Trimodal 7.5
941 2.7 149.9 8.3 293.1 2,311.4 FINE SAND Trimodal 7.6
944 2.1 225.4 9.1 367.5 2,700.7 FINE SAND Trimodal 9.2
947 3.1 117.4 6.5 242.2 736.4 FINE SAND Bimodal 6.2
950 3.0 123.0 6.7 257.2 731.2 FINE SAND Trimodal 6.1
952 2.2 220.7 7.3 297.0 4,797.5 FINE SAND Trimodal 12.3
954 3.3 103.9 5.3 227.2 695.7 FINE SAND Bimodal 6.7
957 2.3 206.2 7.9 339.0 2,815.7 FINE SAND Trimodal 9.9
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957 2.3 206.2 7.9 339.0 2,815.7 FINE SAND Trimodal 9.9
960 1.6 333.3 10.2 526.8 5,386.7 MEDIUM SAND Trimodal 11.6
963 0.6 664.6 15.7 2,107.9 5,934.6 COARSE SAND Trimodal 10.1
966 1.7 299.4 10.6 453.8 4,683.1 MEDIUM SAND Trimodal 11.1
969 1.7 312.2 10.9 501.9 4,428.0 MEDIUM SAND Trimodal 10.5
972 3.4 94.8 7.0 141.8 747.3 FINE SAND Trimodal 7.1
976 2.4 191.7 11.8 425.9 2,124.4 FINE SAND Trimodal 6.7
979 3.0 122.4 5.9 293.4 769.6 FINE SAND Bimodal 6.7
982 2.8 141.2 7.2 337.9 785.2 FINE SAND Bimodal 6.1
985 1.6 319.9 9.6 689.1 3,326.3 MEDIUM SAND Trimodal 9.9
988 2.4 192.5 8.6 385.1 2,514.9 FINE SAND Trimodal 8.4
992 1.7 314.7 9.6 544.3 4,868.9 MEDIUM SAND Trimodal 11.5
997 1.3 409.3 14.0 705.7 4,318.8 MEDIUM SAND Trimodal 9.5
1,005 1.3 395.3 10.5 880.3 5,089.4 MEDIUM SAND Trimodal 11.2
1,008 1.9 263.8 8.5 487.8 3,237.0 MEDIUM SAND Trimodal 10.3
1,012 0.6 663.7 9.1 2,918.2 6,551.1 COARSE SAND Trimodal 12.9
1,017 0.8 578.7 11.6 2,096.7 5,572.4 COARSE SAND Trimodal 11.1
1,033 -0.7 1,614.4 49.3 2,473.3 5,887.6 COARSE SAND Bimodal 4.9
1,042 2.3 203.8 6.6 365.4 2,859.2 FINE SAND Trimodal 10.8
1,044 3.2 109.4 6.4 159.7 2,524.6 FINE SAND Trimodal 8.6
1,047 1.9 267.5 7.5 545.8 3,396.6 MEDIUM SAND Trimodal 11.0
1,051 2.0 245.3 8.7 404.7 3,219.9 FINE SAND Trimodal 10.2
1,056 0.7 613.3 18.4 1,053.8 3,985.4 COARSE SAND Bimodal 7.3
1,060 2.9 138.1 7.7 295.1 993.6 FINE SAND Trimodal 7.4
1,061 3.3 103.1 6.9 108.0 2,546.9 FINE SAND Trimodal 8.7
1,064 2.0 253.1 9.2 399.6 3,506.8 MEDIUM SAND Trimodal 10.4
1,065 1.6 337.8 10.7 604.1 4,531.5 MEDIUM SAND Trimodal 10.8
1,067 0.8 581.2 12.3 2,166.0 5,307.3 COARSE SAND Trimodal 10.5
1,076 0.9 520.0 9.8 2,275.4 5,060.3 COARSE SAND Bimodal 11.6
1,081 0.4 778.5 18.5 2,316.9 5,632.2 COARSE SAND Bimodal 8.7
1,086 1.9 259.3 9.6 430.7 3,253.2 MEDIUM SAND Trimodal 9.9
1,091 1.4 375.7 13.3 650.2 3,691.4 MEDIUM SAND Trimodal 9.0
1,094 1.5 364.1 10.3 851.6 3,687.5 MEDIUM SAND Trimodal 10.2
1,097 1.6 323.0 9.4 678.4 3,564.3 MEDIUM SAND Trimodal 10.2
1,100 2.8 141.4 8.1 314.8 910.8 FINE SAND Trimodal 7.1
1,103 1.8 278.6 8.7 544.0 3,371.0 MEDIUM SAND Trimodal 10.3
1,106 1.3 419.8 11.7 895.8 5,108.0 MEDIUM SAND Trimodal 10.6
1,109 0.3 837.0 15.9 2,612.2 8,606.6 COARSE SAND Bimodal 8.7
1,114 1.0 488.4 10.5 1,972.5 3,590.7 MEDIUM SAND Trimodal 9.8
1,116 1.8 296.0 9.3 620.4 3,318.5 MEDIUM SAND Trimodal 10.2
1,118 1.5 354.7 9.4 880.5 3,533.2 MEDIUM SAND Trimodal 10.2
1,120 1.5 346.1 11.4 689.4 3,769.2 MEDIUM SAND Trimodal 10.1
1,123 0.8 562.0 11.1 2,297.8 5,341.3 COARSE SAND Trimodal 11.1
1,128 1.6 339.3 9.0 682.8 5,027.8 MEDIUM SAND Trimodal 11.9
1,135 1.7 310.8 8.6 595.7 4,438.3 MEDIUM SAND Trimodal 11.7
1,154 2.0 246.6 7.5 400.8 3,893.2 FINE SAND Trimodal 12.0
1,158 1.2 446.1 14.9 897.5 4,816.5 MEDIUM SAND Trimodal 9.5
1,162 0.6 670.2 10.9 2,683.0 6,487.9 COARSE SAND Trimodal 12.1
1,166 2.8 139.1 4.4 293.3 2,549.9 FINE SAND Trimodal 10.9
1,168 2.0 243.2 5.8 374.2 5,423.7 FINE SAND Polymodal 14.1
1,172 2.0 250.5 7.6 424.5 3,797.4 MEDIUM SAND Trimodal 11.7
1,176 2.2 219.5 7.2 380.0 2,957.5 FINE SAND Trimodal 10.5
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1,182 2.9 130.2 6.0 83.7 3,938.7 FINE SAND Trimodal 12.8
1,189 5.0 31.9 3.6 16.5 509.6 MUD Bimodal 7.0
1,202 6.7 9.6 2.6 9.1 40.3 MUD Unimodal 2.9
1,216 6.7 9.7 2.8 9.0 41.8 MUD Unimodal 2.8
1,230 5.5 54.1 3.6 40.6 2,417.3 MUD Trimodal 5.9
1,243 4.2 21.7 3.0 13.9 361.0 MUD Bimodal 10.3
GC2-5
200 1.9 261.7 20.9 392.0 796.6 MEDIUM SAND Unimodal 3.8
210 1.4 384.3 101.8 413.5 816.4 MEDIUM SAND Unimodal 2.4
230 1.3 396.6 156.7 415.7 790.9 MEDIUM SAND Unimodal 2.3
232 2.5 178.8 13.1 332.5 686.3 FINE SAND Unimodal 4.5
250 1.5 346.2 154.0 357.1 680.5 MEDIUM SAND Unimodal 2.0
270 1.5 353.6 79.5 382.2 724.4 MEDIUM SAND Unimodal 2.4
290 1.5 353.2 78.7 384.6 737.3 MEDIUM SAND Unimodal 2.3
300 1.3 393.8 167.4 409.5 755.8 MEDIUM SAND Unimodal 2.0
320 6.3 12.8 2.9 12.8 59.4 MUD Bimodal 3.3
350 5.4 23.7 2.9 12.8 392.7 MUD Bimodal 6.6
GC3-1
22 6.3 13.0 3.1 11.7 78.6 MUD Unimodal 3.5
43 6.7 9.8 2.9 9.3 41.2 MUD Unimodal 2.9
64 6.8 9.2 2.7 8.4 43.2 MUD Unimodal 3.1
98 6.3 12.9 2.9 10.1 281.1 MUD Bimodal 4.4
175 5.7 18.8 2.9 10.8 315.8 MUD Bimodal 5.8
213 6.6 10.2 2.7 8.7 57.0 MUD Unimodal 3.2
252 6.6 10.0 2.7 8.9 57.3 MUD Bimodal 3.7
285 6.9 8.4 2.5 7.7 34.5 MUD Unimodal 2.7
330 6.6 10.7 2.7 9.6 54.0 MUD Unimodal 3.3
348 5.3 25.3 3.0 12.2 443.5 MUD Bimodal 7.0
385 6.9 8.5 2.7 8.0 36.7 MUD Unimodal 3.2
422 5.8 17.4 4.4 18.5 60.9 MUD Unimodal 2.9
455 2.9 136.8 13.4 179.6 643.8 FINE SAND Unimodal 4.3
464 2.3 204.0 23.5 263.1 735.1 FINE SAND Unimodal 3.7
473 1.6 323.5 61.1 410.9 844.3 MEDIUM SAND Unimodal 2.9
477 -0.1 1,070.3 214.1 996.7 3,552.9 COARSE SAND Bimodal 2.6
486 0.2 885.4 87.7 773.8 3,358.1 COARSE SAND Bimodal 3.1
495 0.4 742.3 61.6 706.3 3,314.6 COARSE SAND Bimodal 3.7
499 1.1 463.8 28.6 528.4 2,961.3 MEDIUM SAND Trimodal 4.2
508 1.1 467.9 18.3 649.4 3,233.9 MEDIUM SAND Polymodal 5.4
517 0.2 844.6 16.8 2,282.8 6,830.2 COARSE SAND Trimodal 4.9
522 2.9 137.4 9.2 178.3 2,499.9 FINE SAND Polymodal 6.0
526 2.5 178.8 9.7 151.6 2,898.9 FINE SAND Polymodal 5.8
531 1.7 297.5 10.0 513.1 3,352.9 MEDIUM SAND Polymodal 6.9
533 5.0 30.5 3.6 23.9 347.8 MUD Trimodal 5.8
554 6.3 12.7 3.1 12.2 61.7 MUD Bimodal 3.8
568 5.4 23.8 3.2 14.8 340.5 MUD Bimodal 6.0
582 5.4 23.8 3.8 19.8 254.2 MUD Bimodal 4.8
596 5.0 31.9 3.6 22.3 400.3 MUD Bimodal 6.2
637 6.5 11.0 2.8 9.8 59.4 MUD Unimodal 3.4
666 6.1 14.5 3.3 14.8 61.8 MUD Bimodal 3.1
691 6.6 10.7 2.7 9.6 51.7 MUD Unimodal 3.1
705 6.0 15.4 3.3 14.2 98.0 MUD Bimodal 3.7
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740 6.5 11.3 3.0 10.7 48.4 MUD Unimodal 3.0
775 6.4 12.0 2.8 12.0 52.1 MUD Bimodal 3.1
810 5.9 16.3 3.4 17.9 71.2 MUD Bimodal 3.5
GC3-2
50 7.1 7.5 2.6 7.3 24.6 MUD Unimodal 2.4
130 5.1 28.3 4.7 21.7 224.9 MUD Bimodal 4.5
210 6.6 10.0 2.8 9.7 38.1 MUD Unimodal 2.7
310 3.6 82.9 6.6 155.0 422.6 FINE SAND Bimodal 5.1
359 1.4 384.2 34.3 425.7 743.6 MEDIUM SAND Unimodal 2.6
384 2.1 229.6 20.7 367.7 630.7 FINE SAND Unimodal 3.5
403 1.4 389.7 204.2 399.4 639.8 MEDIUM SAND Unimodal 2.1
412 2.1 240.4 25.0 331.9 617.5 FINE SAND Unimodal 3.2
422 4.6 42.0 5.1 55.4 214.2 MUD Unimodal 4.2
434 2.0 246.1 16.8 445.1 757.8 FINE SAND Unimodal 4.0
446 2.3 200.1 19.5 327.6 625.3 FINE SAND Unimodal 3.8
452 1.4 390.9 56.8 420.4 750.8 MEDIUM SAND Unimodal 2.5
458 2.3 202.9 17.9 332.7 631.2 FINE SAND Unimodal 3.8
460 2.2 221.4 24.2 346.3 670.8 FINE SAND Unimodal 3.6
466 2.9 138.2 10.5 259.7 634.9 FINE SAND Bimodal 4.9
472 2.7 156.8 12.1 249.7 662.1 FINE SAND Bimodal 4.5
476 2.9 138.3 11.1 212.6 648.9 FINE SAND Unimodal 4.6
484 1.0 492.3 57.0 529.6 895.3 MEDIUM SAND Unimodal 2.6
492 0.9 550.2 70.5 572.3 967.5 COARSE SAND Unimodal 2.6
499 0.7 626.3 337.3 636.1 1,302.4 COARSE SAND Unimodal 2.4
503 1.6 336.0 40.8 354.1 590.2 MEDIUM SAND Unimodal 2.4
507 1.6 321.4 34.3 346.9 580.8 MEDIUM SAND Unimodal 2.4
515 1.7 304.9 28.4 341.0 599.6 MEDIUM SAND Unimodal 2.6
522 1.5 342.6 31.2 370.0 731.8 MEDIUM SAND Unimodal 2.7
530 1.7 308.2 32.0 364.2 696.4 MEDIUM SAND Unimodal 2.8
GC4-1
33 6.9 8.4 2.9 8.3 25.3 MUD Unimodal 2.3
58 6.6 10.5 2.9 9.5 69.1 MUD Bimodal 3.7
71 6.8 9.1 2.9 8.7 33.3 MUD Unimodal 2.6
95 7.1 7.4 3.0 7.3 19.6 MUD Unimodal 2.1
134 6.9 8.3 2.6 8.1 27.8 MUD Unimodal 2.5
174 6.7 9.8 2.8 9.6 37.3 MUD Unimodal 2.7
232 6.7 9.9 2.6 9.1 51.0 MUD Bimodal 3.8
281 5.6 21.2 2.0 12.4 396.2 MUD Trimodal 10.1
323 5.6 21.3 3.3 15.5 333.0 MUD Bimodal 5.2
342 5.4 24.4 3.3 12.7 422.6 MUD Bimodal 6.3
361 6.1 14.3 3.4 11.3 363.0 MUD Bimodal 4.3
366 3.1 118.8 5.8 328.4 600.1 FINE SAND Bimodal 6.1
371 3.3 101.0 4.2 307.9 604.0 FINE SAND Bimodal 7.0
376 3.3 102.3 5.1 257.1 599.0 FINE SAND Bimodal 6.4
381 3.1 116.3 6.0 287.3 607.5 FINE SAND Bimodal 5.9
385 2.9 132.9 8.1 290.6 599.2 FINE SAND Bimodal 5.2
390 2.9 132.7 8.9 268.5 559.3 FINE SAND Bimodal 4.8
402 2.7 155.8 9.3 328.4 672.0 FINE SAND Unimodal 5.0
406 3.9 67.8 4.9 108.0 453.0 FINE SAND Trimodal 5.8
409 5.8 17.8 3.6 16.0 135.6 MUD Bimodal 3.9
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412 3.8 73.8 5.0 138.8 422.0 FINE SAND Bimodal 5.6
423 5.5 22.2 3.2 21.5 172.9 MUD Bimodal 4.7
429 3.7 79.6 5.4 145.6 455.2 FINE SAND Trimodal 5.5
431 6.2 13.6 4.3 14.3 37.8 MUD Unimodal 2.3
435 2.6 164.5 6.3 481.8 1,256.5 FINE SAND Trimodal 8.1
437 6.2 13.7 2.9 11.2 158.6 MUD Bimodal 4.3
441 1.9 260.4 6.8 687.2 2,802.8 MEDIUM SAND Trimodal 10.3
449 6.4 11.5 3.4 11.2 44.1 MUD Unimodal 2.7
459 -0.2 1,119.4 346.8 942.3 3,682.2 COARSE SAND Bimodal 2.9
480 -0.3 1,250.2 303.7 1,354.1 3,716.9 COARSE SAND Bimodal 3.6
485 0.0 970.8 322.8 778.2 3,432.3 COARSE SAND Bimodal 2.5
490 0.0 995.3 358.6 798.1 3,326.0 COARSE SAND Bimodal 2.4
495 -0.1 1,036.8 384.0 837.8 3,320.9 COARSE SAND Bimodal 2.3
505 0.0 971.5 392.3 768.4 3,088.0 COARSE SAND Bimodal 2.2
515 -0.1 1,039.1 392.7 825.8 3,406.8 COARSE SAND Bimodal 2.3
520 -0.1 1,040.2 403.5 838.0 3,239.2 COARSE SAND Bimodal 2.3
530 1.3 402.9 36.0 516.9 2,523.6 MEDIUM SAND Trimodal 5.0
537 1.5 363.5 14.4 491.0 3,346.8 MEDIUM SAND Trimodal 7.8
545 0.4 761.8 55.4 829.1 3,832.2 COARSE SAND Bimodal 5.2
555 0.1 926.4 60.7 820.7 3,658.8 COARSE SAND Bimodal 4.3
597 -0.2 1,177.3 268.0 1,046.3 5,019.3 COARSE SAND Bimodal 3.7
614 0.2 842.0 138.2 718.9 3,785.3 COARSE SAND Bimodal 3.8
632 -0.3 1,203.9 267.2 1,072.0 5,549.0 COARSE SAND Bimodal 3.5
640 1.4 383.9 13.7 548.0 3,856.8 MEDIUM SAND Polymodal 8.6
641 0.0 1,012.8 87.7 907.7 3,951.3 COARSE SAND Bimodal 4.4
650 1.1 452.6 19.1 637.6 3,322.8 MEDIUM SAND Polymodal 6.8
659 1.6 326.4 18.5 473.1 2,563.9 MEDIUM SAND Trimodal 6.0
664 0.2 871.8 41.2 944.4 3,489.6 COARSE SAND Bimodal 4.6
669 1.2 436.5 16.1 688.1 3,597.2 MEDIUM SAND Polymodal 7.7
672 1.2 442.4 18.0 658.9 3,161.4 MEDIUM SAND Trimodal 6.8
676 -0.3 1,255.2 93.8 1,835.7 3,489.0 COARSE SAND Bimodal 3.9
681 -0.4 1,318.0 54.9 2,105.3 3,594.0 COARSE SAND Bimodal 4.1
715 -0.1 1,050.4 204.3 985.8 3,518.6 COARSE SAND Bimodal 3.0
727 1.1 472.5 8.8 2,036.1 3,764.7 MEDIUM SAND Trimodal 10.9
733 1.2 422.6 11.1 1,133.8 3,541.7 MEDIUM SAND Trimodal 9.4
745 1.6 327.4 11.3 605.9 3,679.3 MEDIUM SAND Trimodal 9.7
751 8.2 3.4 0.1 6.2 45.0 MUD Bimodal 9.5
763 7.1 7.5 2.5 6.9 26.9 MUD Unimodal 2.5
798 6.1 15.1 3.1 15.4 82.6 MUD Bimodal 3.9
834 5.8 18.4 3.8 18.9 116.7 MUD Bimodal 3.9
864 5.8 18.0 4.1 18.9 88.8 MUD Bimodal 3.8
901 5.9 16.5 3.3 14.7 312.3 MUD Bimodal 4.4
937 5.0 31.7 4.1 26.7 287.8 MUD Trimodal 5.1
955 4.5 43.6 3.9 36.0 504.9 MUD Bimodal 6.7
973 4.9 34.0 3.6 23.6 437.6 MUD Bimodal 6.5
991 4.3 49.6 4.5 43.3 514.4 MUD Bimodal 6.3
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50 7.1 7.3 2.5 7.0 25.4 MUD Unimodal 2.6
100 8.3 3.1 0.1 6.0 39.8 MUD Bimodal 9.0
130 8.1 3.6 0.2 6.4 45.6 MUD Trimodal 9.2
215 8.1 3.6 0.2 6.8 41.9 MUD Bimodal 8.9
240 1.6 327.3 55.1 373.7 723.1 MEDIUM SAND Unimodal 2.7
260 5.2 26.9 5.2 31.3 101.5 MUD Unimodal 3.2
345 3.7 77.1 6.6 87.3 572.5 FINE SAND Bimodal 5.6
430 5.4 24.1 4.0 30.6 94.8 MUD Unimodal 3.4
530 5.1 29.8 4.4 38.8 139.0 MUD Bimodal 3.8
550 4.6 40.4 5.6 48.8 269.1 MUD Bimodal 4.2
560 5.1 29.2 4.5 37.2 129.3 MUD Unimodal 3.7
570 2.8 147.2 6.2 407.1 905.1 FINE SAND Trimodal 7.3
573 5.3 26.0 4.3 32.7 117.0 MUD Trimodal 3.8
576 2.5 172.2 8.1 473.8 890.2 FINE SAND Bimodal 6.3
578 5.1 29.8 4.4 37.4 154.7 MUD Bimodal 4.3
580 0.8 575.8 62.9 601.4 976.2 COARSE SAND Unimodal 2.6
585 0.5 726.0 421.7 729.4 1,197.2 COARSE SAND Unimodal 1.9
GC4-3
50 7.3 6.4 2.6 6.3 16.1 MUD Unimodal 2.0
165 4.6 40.9 6.5 49.7 182.2 MUD Unimodal 3.7
250 4.2 54.8 8.3 75.9 192.5 MUD Unimodal 3.4
300 4.0 63.0 8.2 87.4 255.5 FINE SAND Unimodal 3.8
360 4.1 57.4 10.0 71.6 192.8 MUD Unimodal 3.1
375 4.2 52.7 9.3 63.2 182.2 MUD Unimodal 3.1
465 2.8 144.1 21.0 195.3 400.5 FINE SAND Unimodal 3.1
600 1.6 319.7 121.4 334.3 611.6 MEDIUM SAND Unimodal 2.1
601 1.9 267.0 35.2 294.1 550.2 MEDIUM SAND Unimodal 2.6
605 1.7 312.5 37.5 348.4 655.2 MEDIUM SAND Unimodal 2.7
615 2.6 159.6 17.7 241.3 502.0 FINE SAND Unimodal 3.6
620 2.0 248.7 121.0 255.0 427.6 FINE SAND Unimodal 2.0
625 1.8 277.5 114.7 281.6 601.4 MEDIUM SAND Unimodal 2.3
630 1.9 276.0 66.0 286.3 632.6 MEDIUM SAND Unimodal 2.5
636 1.0 490.0 176.8 514.6 963.0 MEDIUM SAND Unimodal 2.3
640 1.4 379.1 152.8 396.5 734.9 MEDIUM SAND Unimodal 2.1
650 0.9 519.7 225.2 527.3 1,890.9 COARSE SAND Bimodal 2.2
657 1.1 452.1 202.8 463.9 889.4 MEDIUM SAND Unimodal 2.1
665 1.6 338.3 160.2 348.7 606.5 MEDIUM SAND Unimodal 2.0
675 1.4 387.0 146.2 403.6 737.1 MEDIUM SAND Unimodal 2.2
685 1.5 364.4 70.9 391.6 773.3 MEDIUM SAND Unimodal 2.4
692 1.1 475.1 134.1 505.1 1,061.1 MEDIUM SAND Unimodal 2.6
698 2.0 257.6 37.0 304.4 586.6 MEDIUM SAND Unimodal 2.7
700 1.6 330.4 151.6 341.0 579.1 MEDIUM SAND Unimodal 2.1
GC4-4
85 4.8 36.0 5.1 24.3 352.5 MUD Bimodal 5.2
130 7.1 7.1 2.7 7.0 20.2 MUD Unimodal 2.2
200 7.2 6.9 2.5 6.6 22.2 MUD Unimodal 2.4
240 1.1 457.5 17.0 530.8 991.2 MEDIUM SAND Unimodal 3.1
270 7.2 6.9 2.5 6.6 21.9 MUD Unimodal 2.3
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23 6.3 13.0 3.0 11.6 78.5 MUD Unimodal 3.6
48 6.9 8.5 2.7 7.8 32.8 MUD Unimodal 2.6
99 7.0 7.8 2.6 7.5 25.3 MUD Unimodal 2.4
154 8.3 3.1 0.1 5.1 48.8 MUD Trimodal 10.3
190 8.4 3.0 0.1 5.6 35.6 MUD Bimodal 8.5
226 6.4 11.7 3.2 11.8 43.1 MUD Unimodal 2.7
275 5.4 23.4 3.7 16.6 359.7 MUD Bimodal 5.2
303 6.5 11.2 3.2 11.2 41.3 MUD Unimodal 2.7
335 6.0 15.2 3.5 15.5 65.6 MUD Unimodal 3.1
349 4.4 46.7 4.3 50.7 398.8 MUD Trimodal 5.8
353 5.9 17.0 3.5 19.2 69.7 MUD Unimodal 3.2
355 3.4 92.7 5.7 164.7 645.8 FINE SAND Trimodal 6.3
358 4.2 56.3 5.1 71.8 403.5 MUD Bimodal 5.4
363 3.4 94.0 8.4 145.7 436.4 FINE SAND Unimodal 4.5
374 3.5 90.3 7.4 135.0 507.2 FINE SAND Unimodal 5.0
386 3.7 77.9 6.4 135.0 374.6 FINE SAND Bimodal 4.8
392 2.2 217.1 14.4 367.8 1,008.0 FINE SAND Bimodal 5.0
408 3.1 119.9 10.2 200.7 459.6 FINE SAND Bimodal 4.2
413 3.9 66.1 4.5 118.1 414.6 FINE SAND Trimodal 5.8
417 3.2 105.2 8.5 177.8 454.5 FINE SAND Bimodal 4.5
435 2.2 223.9 16.5 366.8 813.0 FINE SAND Unimodal 4.1
444 2.7 157.1 12.2 239.7 781.7 FINE SAND Bimodal 4.8
457 2.3 205.6 12.5 411.8 1,002.0 FINE SAND Bimodal 5.3
471 2.8 146.6 9.7 296.8 715.6 FINE SAND Trimodal 5.2
495 0.6 643.7 59.9 566.6 3,814.2 COARSE SAND Bimodal 5.1
506 0.8 560.1 38.0 652.4 3,221.2 COARSE SAND Trimodal 5.4
517 1.0 517.5 21.8 667.0 3,147.8 COARSE SAND Bimodal 5.9
528 0.0 989.9 200.0 833.3 3,540.4 COARSE SAND Bimodal 3.5
540 0.9 550.6 20.7 790.5 3,440.8 COARSE SAND Bimodal 6.4
551 1.3 400.1 18.2 540.4 2,938.4 MEDIUM SAND Bimodal 6.4
562 0.7 606.5 27.7 941.8 3,787.5 COARSE SAND Bimodal 6.7
573 0.9 521.4 22.5 685.7 4,150.3 COARSE SAND Trimodal 7.4
584 0.6 660.9 22.1 973.9 5,195.2 COARSE SAND Bimodal 7.2
589 0.3 807.5 21.7 1,690.4 5,670.8 COARSE SAND Bimodal 7.5
607 -1.8 3,482.0 819.2 3,370.8 7,632.1 GRAVEL Bimodal 1.8
615 -2.1 4,149.1 1,026.4 4,303.5 8,603.7 GRAVEL Bimodal 1.7
619 -1.8 3,470.7 762.3 3,798.7 10,220.1 GRAVEL Bimodal 1.8
623 -0.5 1,446.9 20.6 2,155.3 3,907.3 COARSE SAND Bimodal 4.6
631 -0.6 1,486.2 19.8 2,608.3 6,474.5 COARSE SAND Bimodal 6.1
639 5.8 18.5 3.5 17.4 127.4 MUD Bimodal 4.1
655 3.6 83.8 5.3 33.1 3,825.2 FINE SAND Trimodal 12.7
663 5.9 16.6 3.3 15.9 105.0 MUD Bimodal 4.0
672 5.9 16.5 3.3 15.1 107.9 MUD Unimodal 4.0
688 6.0 15.7 3.3 16.8 64.9 MUD Unimodal 3.2
704 7.8 4.6 0.2 8.3 65.1 MUD Polymodal 10.6
GC5-2
100 6.5 10.7 3.0 10.2 43.9 MUD Unimodal 2.8
210 8.6 2.5 0.1 4.5 30.7 MUD Bimodal 8.3
300 6.4 11.7 2.8 10.5 64.7 MUD Unimodal 3.4
350 7.8 4.4 0.2 8.1 62.2 MUD Bimodal 9.8
400 6.6 10.2 0.2 10.6 85.2 MUD Trimodal 6.9
600 6.8 8.8 2.7 8.1 35.7 MUD Unimodal 2.7
610 5.7 19.1 4.1 15.3 264.3 MUD Bimodal 4.2
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100 1.7 312.7 31.4 352.7 676.9 MEDIUM SAND Unimodal 2.8
157 1.3 399.5 184.5 412.8 703.2 MEDIUM SAND Unimodal 2.3
194 1.2 427.1 210.7 436.4 777.9 MEDIUM SAND Unimodal 2.1
191 1.3 418.2 201.2 430.2 735.9 MEDIUM SAND Unimodal 2.4
242 1.3 412.9 202.2 424.7 712.2 MEDIUM SAND Unimodal 2.3
263 1.3 392.7 42.1 423.0 766.9 MEDIUM SAND Unimodal 2.6
279 1.4 383.3 31.5 418.7 774.7 MEDIUM SAND Unimodal 2.7
306 1.4 387.6 59.2 405.6 729.2 MEDIUM SAND Unimodal 2.4
321 1.3 407.2 167.3 421.5 768.5 MEDIUM SAND Unimodal 2.4
329 1.5 359.8 39.3 377.9 638.6 MEDIUM SAND Unimodal 2.4
337 1.6 336.6 162.5 345.8 603.0 MEDIUM SAND Unimodal 2.1
344 2.8 143.1 8.2 310.0 670.3 Fine SAND Trimodal 5.3
370 5.6 20.3 2.8 12.3 349.6 MUD Bimodal 6.1
394 6.3 12.8 3.0 12.5 62.6 MUD Unimodal 3.5
GC5-4
100 8.9 2.1 0.1 4.2 17.7 MUD Bimodal 2.3
130 7.0 8.0 2.8 7.7 25.6 MUD Unimodal 6.8
200 7.0 7.6 2.7 7.5 22.5 MUD Unimodal 2.3
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Appendix B-4: Cross-sections of gauging stations used to verify the
applicability of applied discharge equations. Bankfull stage is indicated
























































































































410005 M/Bidgee Narrandera 410036 M/Bidgee D/S Yanco W
410082 M/Bidgee D/S Gogel W 410021 M/Bidgee Darl/Gton P
410078 M/Bidgee@Carrathool 410040 M/Bidgee D/S Maude W
Distance (m) Distance (m)
Distance (m) Distance (m)
Distance (m) Distance (m)
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Appendix B-4 (continued): Cross-sections of gauging stations used to
verify the applicability of applied discharge equations. Bankfull stage is




















































































































410014 Colombo@Morundah 410015 Yanco@Morundah
410169 Yanco@YancoBridge 41000209 Yanco@Wiraki
410017 Billabong@Conargo 410134 B’bong@Darlot
Distance (m)
Distance (m) Distance (m)
Distance (m) Distance (m)
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Appendix B-5: Cross-sections of the Moulamein reach (Yanco system)
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Appendix B-5 (continued): Cross-sections of the Moulamein reach (Yanco
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Appendix B-5 (continued): Cross-sections of the Moulamein reach (Yanco












































Appendix B-6: Cross-sections of the Tombullen reach (Gum Creek
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Appendix B-6 (continued): Cross-sections of the Tombullen reach (Gum
Creek system) used to derive bankfull stage. Bankfull stage is indicated
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Appendix B-6 (continued): Cross-sections of the Tombullen reach (Gum
Creek system) used to derive bankfull stage. Bankfull stage is indicated
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Appendix B-6 (continued): Cross-sections of the Tombullen reach (Gum
Creek system) used to derive bankfull stage. Bankfull stage is indicated
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50 6.1 14.9 3.5 15.2 60.4 MUD Unimodal 3.0
90 6.4 12.1 3.1 11.7 49.5 MUD Unimodal 2.9
147 6.2 13.2 3.2 12.7 62.0 MUD Bimodal 3.6
189 6.0 15.2 3.4 14.9 93.3 MUD Bimodal 4.0
256 6.1 14.4 3.3 13.8 75.9 MUD Bimodal 3.7
293 5.7 19.0 4.2 21.0 70.2 MUD Unimodal 3.0
338 3.3 103.8 14.8 133.1 268.1 FINE SAND Unimodal 2.9
373 2.7 152.9 25.2 167.4 332.8 FINE SAND Unimodal 2.5
408 2.0 250.3 137.6 254.3 422.5 MEDIUM SAND Unimodal 1.8
431 2.1 231.6 95.9 240.3 433.3 FINE SAND Unimodal 2.1
453 1.7 307.8 140.3 316.3 595.0 MEDIUM SAND Unimodal 2.0
464 1.0 491.3 241.7 503.8 888.6 MEDIUM SAND Unimodal 2.0
487 2.9 137.6 7.7 311.3 696.6 FINE SAND Bimodal 5.7
509 0.8 582.8 18.4 795.2 6,906.3 COARSE SAND Trimodal 9.0
540 1.7 318.5 10.3 433.7 5,175.9 MEDIUM SAND Trimodal 11.1
570 2.6 163.2 0.3 324.5 5,134.2 FINE SAND Polymodal 27.5
600 0.7 603.0 19.3 702.4 7,896.9 COARSE SAND Polymodal 9.7
615 -1.7 3,263.2 91.2 6,626.4 16,288.4 GRAVEL Bimodal 5.4
624 0.7 628.0 15.2 873.5 10,993.1 COARSE SAND Trimodal 12.6
632 -2.4 5,348.3 206.3 5,754.9 15,664.1 GRAVEL Unimodal 3.3
672 6.3 12.5 3.3 10.3 289.3 MUD Bimodal 4.0
745 6.8 9.1 3.1 9.1 27.8 MUD Unimodal 2.4
783 7.0 7.7 2.9 7.6 22.2 MUD Unimodal 2.3
808 6.1 14.7 4.0 15.3 52.1 MUD Unimodal 3.2
GR2-1
30 6.6 10.1 2.5 8.5 60.2 MUD Unimodal 3.6
70 6.9 8.2 2.3 7.2 44.1 MUD Unimodal 3.3
110 8.3 3.1 0.2 5.7 33.7 MUD Bimodal 8.2
124 7.0 7.9 2.4 7.4 31.6 MUD Unimodal 2.7
153 6.2 13.7 3.6 14.2 50.0 MUD Unimodal 2.8
191 5.2 27.1 3.5 12.4 467.9 MUD Bimodal 6.8
242 6.9 8.5 2.8 8.3 27.7 MUD Unimodal 2.4
277 6.2 13.3 4.0 13.6 41.1 MUD Unimodal 2.5
311 6.3 13.1 4.0 14.0 37.5 MUD Unimodal 2.4
311 6.0 16.1 4.5 17.5 46.5 MUD Unimodal 2.5
333 1.9 275.6 21.3 485.3 779.4 MEDIUM SAND Unimodal 3.7
358 1.2 429.7 49.8 466.1 791.1 MEDIUM SAND Unimodal 2.5
383 1.2 450.4 50.9 490.1 844.0 MEDIUM SAND Unimodal 2.5
395 1.1 463.9 54.8 497.2 863.1 MEDIUM SAND Unimodal 2.5
408 0.5 687.4 346.6 667.5 2,146.6 COARSE SAND Bimodal 2.3
427 1.4 379.9 44.9 506.5 2,347.3 MEDIUM SAND Bimodal 4.0
437 -0.8 1,775.6 485.2 2,405.4 4,453.6 COARSE SAND Bimodal 2.5
444 -0.2 1,180.4 409.1 908.0 4,854.4 COARSE SAND Bimodal 2.6
456 0.8 580.2 288.0 585.9 1,695.2 COARSE SAND Unimodal 2.2
477 0.3 806.7 286.5 640.6 2,965.0 COARSE SAND Bimodal 2.7
491 1.9 267.3 10.4 612.7 2,190.9 MEDIUM SAND Bimodal 6.6
506 2.6 159.4 25.5 200.5 388.5 FINE SAND Unimodal 2.8
537 2.9 132.5 11.7 219.4 489.2 FINE SAND Bimodal 4.1
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537 2.9 132.5 11.7 219.4 489.2 FINE SAND Bimodal 4.1
558 -0.3 1,222.2 16.6 2,784.8 6,125.4 COARSE SAND Unimodal 7.2
570 2.9 130.5 9.2 214.0 751.4 FINE SAND Bimodal 5.4
587 2.4 191.6 8.3 543.9 1,238.0 FINE SAND Bimodal 7.3
592 7.1 7.0 0.2 10.5 326.1 MUD T rim odal 16.0
603 8.0 3.9 0.2 7.6 44.0 MUD Bimodal 8.6
637 5.7 18.7 3.7 19.6 88.4 MUD Unimodal 3.4
670 5.1 28.3 4.7 31.6 161.2 MUD Bimodal 4.0
703 5.5 22.1 4.3 24.4 97.6 MUD Unimodal 3.4
737 5.0 31.6 4.4 40.2 156.0 MUD Bimodal 4.0
762 4.4 47.7 6.7 65.6 178.5 MUD Unimodal 3.5
787 4.7 39.1 5.5 53.6 161.1 MUD Bimodal 3.7
812 4.7 39.1 5.4 49.1 187.9 MUD Unimodal 3.9
GR2-2
11 6.0 15.5 2.6 10.8 274.3 MUD Bimodal 5.3
55 3.6 85.1 3.5 246.6 586.9 FINE SAND Bimodal 7.5
98 8.1 3.6 0.2 6.0 58.0 MUD Trimodal 9.8
109 5.9 16.2 3.6 14.6 134.2 MUD Bimodal 3.8
129 3.3 101.9 6.3 226.7 497.8 FINE SAND Bimodal 5.4
163 3.5 87.2 5.8 180.3 471.5 FINE SAND Bimodal 5.5
197 3.2 107.7 7.7 225.3 478.5 FINE SAND Bimodal 4.9
232 3.3 99.2 6.1 214.8 545.0 FINE SAND Trimodal 5.7
251 4.3 50.2 6.5 68.1 234.0 MUD Bimodal 4.0
281 3.3 100.9 6.8 210.7 521.0 FINE SAND Bimodal 5.4
304 3.2 107.5 7.4 227.6 502.3 FINE SAND Bimodal 5.1
312 2.4 190.7 10.7 412.0 868.9 FINE SAND Unimodal 5.3
331 2.8 146.7 7.9 340.8 739.1 FINE SAND Bimodal 5.7
353 3.0 122.8 2.1 366.3 816.6 FINE SAND Unimodal 11.5
376 4.2 54.2 0.2 191.5 595.2 MUD Trimodal 15.5
387 1.1 468.4 23.3 438.0 5,245.5 MEDIUM SAND Trimodal 7.7
398 3.7 76.7 8.9 112.8 305.0 FINE SAND Unimodal 3.9
409 0.7 630.7 46.1 504.7 2,990.8 COARSE SAND Bimodal 4.2
425 2.0 245.4 11.3 360.8 3,004.0 FINE SAND Trimodal 8.7
436 1.5 345.3 15.5 502.5 3,262.0 MEDIUM SAND Trimodal 7.7
446 0.3 788.0 93.2 654.1 2,696.5 COARSE SAND Bimodal 3.5
457 1.8 293.6 8.9 519.9 3,781.5 MEDIUM SAND Trimodal 10.9
478 3.0 123.6 7.6 261.8 656.2 FINE SAND Bimodal 5.6
494 0.8 557.8 22.7 715.2 3,315.1 COARSE SAND Trimodal 6.0
504 2.7 158.2 10.4 335.3 667.1 FINE SAND Unimodal 4.9
515 2.7 156.5 11.6 274.1 636.7 FINE SAND Bimodal 4.5
562 1.6 320.1 39.6 345.0 626.6 MEDIUM SAND Unimodal 2.5
587 2.4 188.8 12.2 385.7 757.3 FINE SAND Unimodal 4.7
612 1.9 269.2 29.6 330.0 733.5 MEDIUM SAND Unimodal 3.2
640 1.4 379.4 144.1 398.0 769.6 MEDIUM SAND Unimodal 2.1
650 1.5 343.2 104.2 369.7 732.1 MEDIUM SAND Unimodal 2.3
675 3.3 103.3 7.2 218.5 485.1 FINE SAND Bimodal 5.1
685 4.8 35.6 4.8 45.2 178.8 MUD Unimodal 4.1
700 4.7 38.1 4.7 50.4 192.7 MUD Bimodal 4.2
714 4.6 42.0 6.0 57.4 159.7 MUD Unimodal 3.5
718 4.7 38.3 4.8 54.8 170.5 MUD Bimodal 4.0
728 1.8 283.8 49.8 360.0 789.7 MEDIUM SAND Unimodal 3.1
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728 1.8 283.8 49.8 360.0 789.7 MEDIUM SAND Unimodal 3.1
745 3.9 66.0 8.3 90.5 248.0 FINE SAND Unimodal 3.6
753 3.9 67.5 8.6 93.8 232.6 FINE SAND Bimodal 3.4
766 4.5 44.4 5.9 62.1 174.8 MUD Unimodal 3.6
770 2.2 213.3 18.5 275.6 688.6 FINE SAND Unimodal 3.6
778 4.3 52.5 6.8 76.1 192.8 MUD Bimodal 3.6
803 4.5 45.5 6.5 61.7 169.1 MUD Unimodal 3.5
816 4.5 45.3 5.5 64.0 208.9 MUD Bimodal 4.1
820 2.3 207.7 26.1 282.4 695.9 FINE SAND Unimodal 3.6
838 4.3 50.1 7.0 69.3 183.4 MUD Unimodal 3.5
850 4.1 57.7 6.7 83.9 243.0 MUD Unimodal 3.9
870 5.3 25.7 4.4 27.4 132.3 MUD Unimodal 3.7
884 4.7 37.7 4.6 53.8 180.2 MUD Bimodal 4.1
890 3.4 94.9 12.9 132.4 294.8 FINE SAND Unimodal 3.3
900 3.2 105.3 12.7 158.4 365.2 FINE SAND Bimodal 3.6
910 3.2 110.2 12.0 183.7 375.9 FINE SAND Bimodal 3.8
917 3.2 110.5 10.7 191.4 396.6 FINE SAND Bimodal 4.0
930 2.2 212.3 33.1 239.4 463.1 FINE SAND Unimodal 2.6
950 2.2 214.0 30.5 249.0 492.7 FINE SAND U nim odal 2.7
954 3.6 83.5 6.7 159.6 350.5 FINE SAND Trimodal 4.5
970 2.1 241.4 48.0 252.2 484.2 FINE SAND Unimodal 2.3
980 2.6 166.1 26.1 189.1 382.9 FINE SAND Unimodal 2.6
990 2.0 257.0 42.7 284.1 617.6 MEDIUM SAND Unimodal 2.6
1,000 2.2 223.4 32.1 297.0 678.7 FINE SAND Bimodal 3.2
1,008 2.3 210.0 25.8 300.5 718.4 FINE SAND Bimodal 3.7
1,015 2.6 160.0 20.0 232.3 478.5 FINE SAND Unimodal 3.4
1,026 2.2 212.0 24.7 299.9 599.7 FINE SAND Unimodal 3.3
1,038 1.9 269.8 36.4 322.0 651.6 MEDIUM SAND Unimodal 2.9
1,049 2.0 243.0 26.8 329.5 2,192.1 FINE SAND Trimodal 4.5
1,071 0.1 922.5 74.2 948.6 4,411.4 COARSE SAND Bimodal 5.0
1,085 1.7 309.2 13.0 507.2 2,864.5 MEDIUM SAND Polymodal 7.8
1,096 1.1 462.8 29.5 642.2 2,299.6 MEDIUM SAND Bimodal 4.2
1,102 1.1 461.0 17.7 576.9 8,319.8 MEDIUM SAND Trimodal 7.4
1,114 -0.7 1,600.5 37.8 3,019.5 6,630.0 COARSE SAND Unimodal 5.9
1,138 -0.8 1,730.6 340.5 2,533.5 3,967.8 COARSE SAND Bimodal 2.8
1,154 0.3 800.6 100.2 853.7 3,645.0 COARSE SAND Bimodal 4.4
1,165 0.0 1,033.2 116.6 1,648.7 3,792.7 COARSE SAND Bimodal 4.4
1,176 -0.2 1,182.0 71.8 2,252.2 4,624.1 COARSE SAND Bimodal 5.3
1,187 1.2 427.4 17.5 566.2 3,218.0 MEDIUM SAND Trimodal 6.7
1,196 3.0 126.4 10.8 145.2 3,322.2 FINE SAND Bimodal 6.7
1,200 -0.4 1,336.5 103.3 2,422.0 3,766.4 COARSE SAND Bimodal 4.2
1,211 -0.1 1,094.0 18.6 3,083.6 6,624.8 COARSE SAND Unimodal 8.4
GR3-1
10 1.9 276.1 53.2 304.7 590.5 FINE SAND Unimodal 2.5
20 5.0 31.3 5.4 36.3 138.4 MUD Unimodal 3.6
40 5.1 29.0 4.8 35.2 127.4 MUD Unimodal 3.6
70 5.2 27.3 5.1 28.8 155.3 MUD Bimodal 3.9
100 5.5 22.0 5.0 24.6 71.8 MUD Unimodal 2.8
150 4.7 38.0 7.3 47.5 111.7 MUD Unimodal 2.8
165 3.5 87.9 20.8 97.3 197.6 FINE SAND Unimodal 2.4
190 4.5 43.1 8.7 46.4 213.5 MUD Bimodal 3.4
208 5.3 26.2 4.0 17.6 278.6 MUD Bimodal 5.2
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219 3.0 121.8 25.4 136.8 267.2 FINE SAND Unimodal 2.4
238 2.6 168.9 82.0 172.6 313.9 FINE SAND Unimodal 1.9
268 3.0 125.9 23.8 148.5 340.7 FINE SAND Unimodal 2.8
283 0.4 772.2 79.8 780.0 4,097.2 COARSE SAND Bimodal 4.8
305 1.4 368.7 80.1 405.5 755.1 MEDIUM SAND Unimodal 2.2
326 2.2 214.4 29.4 273.9 550.1 FINE SAND Unimodal 3.0
329 0.7 615.1 83.2 841.7 1,727.1 COARSE SAND Bimodal 3.6
331 2.6 163.4 12.1 282.5 619.2 FINE SAND Bimodal 4.4
347 6.9 8.5 0.2 9.4 68.9 MUD Trimodal 6.8
384 5.6 20.2 4.0 21.9 92.0 MUD Unimodal 3.4
460 4.5 42.8 5.1 37.4 387.1 MUD Bimodal 5.3
480 4.9 33.7 5.0 39.3 174.9 MUD Unimodal 4.0
500 5.0 30.3 4.9 30.6 193.6 MUD Unimodal 4.1
529 5.0 31.4 4.7 36.6 160.2 MUD Unimodal 3.9
569 4.4 46.4 5.5 56.4 257.5 MUD Unimodal 4.4
586 3.4 92.4 8.3 164.3 386.1 FINE SAND Bimodal 4.4
608 3.7 79.4 8.7 126.2 275.8 FINE SAND Bimodal 3.7
609 2.9 133.4 19.7 162.4 311.4 FINE SAND Unimodal 2.7
620 3.9 66.7 5.7 107.9 367.8 FINE SAND Bimodal 5.0
638 2.3 197.6 29.2 212.5 387.1 FINE SAND Unimodal 2.4
655 3.4 91.8 12.2 129.5 293.7 FINE SAND Unimodal 3.3
675 2.7 149.9 24.8 182.4 350.6 FINE SAND Unimodal 2.6
690 3.7 76.0 10.7 101.3 252.1 FINE SAND Unimodal 3.3
705 1.8 289.7 62.0 299.4 493.3 MEDIUM SAND Unimodal 2.1
751 1.9 276.2 46.8 294.4 528.1 MEDIUM SAND Unimodal 2.3
775 2.6 167.6 31.2 223.2 482.8 FINE SAND Bimodal 3.0
778 2.7 154.7 14.6 248.1 479.9 FINE SAND Unimodal 3.7
799 1.9 262.4 32.0 371.8 722.2 MEDIUM SAND Unimodal 3.2
803 2.6 162.0 21.8 233.2 520.6 FINE SAND Bimodal 3.4
808 1.3 399.7 14.8 515.1 3,710.6 MEDIUM SAND Trimodal 8.1
817 2.0 242.3 20.8 361.7 930.4 FINE SAND Bimodal 4.5
844 1.1 462.6 211.5 476.3 889.0 MEDIUM SAND Unimodal 2.2
861 -0.1 1,100.8 67.9 1,567.5 3,705.7 COARSE SAND Bimodal 4.4
868 0.4 754.2 48.3 685.3 3,129.3 COARSE SAND Bimodal 4.2
878 0.2 896.7 142.0 770.1 3,995.6 COARSE SAND Bimodal 4.2
889 0.9 526.5 62.5 550.4 948.1 COARSE SAND Unimodal 2.7
906 -0.4 1,284.4 11.9 4,288.1 7,626.0 COARSE SAND Unimodal 8.7
932 1.6 327.5 153.7 337.1 589.2 MEDIUM SAND U nim odal 2.1
937 2.9 138.2 7.4 328.9 698.5 FINE SAND Bimodal 5.8
946 4.6 41.8 3.9 27.8 626.6 MUD Bimodal 7.4
951 4.7 37.8 3.7 41.9 313.8 MUD Bimodal 5.6
954 2.7 152.3 4.6 266.4 2,638.5 FINE SAND Trimodal 12.0
956 4.5 43.0 4.3 30.4 538.5 MUD Bimodal 6.7
962 5.0 30.3 3.8 20.7 385.1 MUD Bimodal 5.9
967 5.1 28.9 3.5 15.5 453.7 MUD Trimodal 6.7
987 5.4 23.5 2.4 13.6 411.6 MUD Bimodal 7.4
1,058 5.9 16.8 4.0 17.0 85.6 MUD Bimodal 3.8
1,099 4.8 35.1 3.4 29.3 412.8 MUD Trimodal 6.4
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40 6.3 12.4 3.6 11.8 53.1 MUD Unimodal 3.1
80 6.2 13.9 4.4 14.1 42.7 MUD Unimodal 2.4
140 6.1 14.4 3.7 14.0 60.5 MUD Unimodal 2.9
190 5.9 16.9 4.1 16.4 80.4 MUD Bimodal 3.6
246 5.9 16.2 4.1 14.9 105.7 MUD Bimodal 3.6
288 5.9 17.3 4.4 16.9 75.5 MUD Bimodal 3.5
328 3.1 119.2 10.7 127.8 957.2 FINE SAND Trimodal 6.3
341 1.8 291.2 24.3 458.0 2,282.0 MEDIUM SAND Trimodal 4.9
348 3.0 127.7 8.8 228.9 681.1 FINE SAND Trimodal 5.3
354 -3.1 8,328.8 131.7 25,104.4 55,215.4 GRAVEL Polymodal 2.9
365 1.5 342.7 23.1 363.8 3,637.5 MEDIUM SAND Trimodal 7.3
379 -2.9 7,364.1 215.7 18,528.2 51,068.6 GRAVEL Trimodal 3.1
400 -1.6 3,075.4 68.2 3,948.6 48,692.1 GRAVEL Trimodal 5.3
415 -0.8 1,688.0 67.6 2,686.7 7,036.1 COARSE SAND Bimodal 5.3
422 -1.2 2,281.2 46.6 3,571.5 24,714.4 GRAVEL Trimodal 10.5
427 0.5 731.5 44.4 890.2 5,124.4 COARSE SAND Bimodal 6.0
432 -1.4 2,553.3 75.8 3,568.8 25,029.9 GRAVEL Trimodal 9.4
438 -0.6 1,489.1 46.0 2,320.3 15,307.6 COARSE SAND Trimodal 8.6
447 -1.4 2,624.2 69.1 3,074.8 37,466.6 GRAVEL Trimodal 6.5
458 1.9 275.2 27.3 405.3 1,437.0 MEDIUM SAND Bimodal 4.4
471 -1.8 3,496.7 95.6 6,684.2 26,600.4 GRAVEL Trimodal 8.9
479 1.2 448.4 47.7 525.5 2,188.2 MEDIUM SAND Bimodal 3.3
493 -0.7 1,583.5 292.0 2,078.5 8,238.7 COARSE SAND Trimodal 4.6
506 -1.4 2,555.1 133.2 3,091.5 22,612.4 GRAVEL Trimodal 7.9
512 6.1 14.5 4.0 15.0 48.6 MUD Unimodal 2.6
516 6.3 12.5 3.8 12.4 42.2 MUD Unimodal 2.5
519 4.3 51.5 5.4 42.8 514.4 MUD Bimodal 5.9
547 5.9 16.3 4.5 16.7 56.8 MUD Unimodal 2.8
593 6.3 12.8 3.7 11.4 94.8 MUD Bimodal 3.6
633 3.8 71.7 8.2 87.4 401.8 FINE SAND Unimodal 4.4
645 2.3 209.7 47.9 211.4 765.0 FINE SAND Bimodal 3.1
664 3.6 81.0 10.8 103.7 335.6 FINE SAND Unimodal 3.7
695 0.8 562.3 116.7 543.9 2,563.7 COARSE SAND Bimodal 3.2
MR1-2
30 6.3 12.6 3.8 12.6 45.0 MUD Unimodal 2.7
60 6.5 11.1 3.6 10.9 36.9 MUD Unimodal 2.5
90 4.4 47.7 5.1 31.7 584.4 MUD Bimodal 6.4
150 4.8 36.7 4.6 24.0 456.2 MUD Bimodal 5.9
190 6.1 14.9 3.6 13.8 75.2 MUD Unimodal 3.3
242 4.8 35.2 4.7 22.2 410.5 MUD Bimodal 5.7
291 4.6 41.7 5.4 28.6 450.5 MUD Bimodal 5.6
340 2.7 153.4 19.5 198.7 613.1 FINE SAND Unimodal 3.8
345 5.9 16.9 4.2 16.1 80.0 MUD Bimodal 3.4
360 1.6 330.2 52.2 390.1 722.9 MEDIUM SAND Unimodal 2.6
380 -2.6 6,192.9 514.6 6,984.0 46,656.2 GRAVEL Trimodal 2.8
386 1.1 482.9 52.7 483.0 2,847.2 MEDIUM SAND Bimodal 4.6
390 -0.8 1,705.2 191.9 2,586.2 6,722.3 COARSE SAND Bimodal 4.2
395 -2.2 4,447.5 288.6 5,284.3 37,163.8 GRAVEL Trimodal 4.9
400 -0.4 1,317.3 97.3 2,079.9 5,198.3 COARSE SAND Bimodal 4.3
410 -3.7 13,450.6 341.6 23,144.6 54,544.1 GRAVEL Trimodal 1.8
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417 -0.3 1,236.3 55.9 2,254.4 8,937.1 COARSE SAND Trimodal 7.4
428 1.2 437.0 83.8 467.1 842.2 MEDIUM SAND Unimodal 2.2
445 0.0 985.1 122.6 982.7 3,951.6 COARSE SAND Trimodal 3.7
463 -1.8 3,521.4 321.9 4,085.9 25,069.4 GRAVEL Trimodal 5.8
480 -3.2 9,222.6 401.0 21,292.2 52,921.5 GRAVEL Bimodal 2.2
494 0.6 682.1 80.4 641.2 3,148.8 COARSE SAND Bimodal 4.0
505 -0.9 1,877.1 67.2 2,282.5 39,007.2 COARSE SAND Bimodal 7.4
514 0.7 612.2 63.8 549.3 3,512.5 COARSE SAND Bimodal 4.7
570 -3.5 11,464.7 384.0 17,970.6 51,771.9 GRAVEL Trimodal 2.0
629 0.2 867.6 99.5 586.5 13,089.2 COARSE SAND Bimodal 6.6
683 -3.3 9,968.2 423.3 13,717.8 43,147.2 GRAVEL Unimodal 2.9
740 0.5 696.4 88.5 691.5 5,587.2 COARSE SAND Trimodal 5.0
770 -1.7 3,290.3 285.3 4,311.1 15,319.5 GRAVEL Trimodal 4.6
800 -3.5 11,710.4 841.3 14,657.8 49,560.1 GRAVEL Bimodal 1.8
831 -3.7 13,062.5 917.5 21,084.9 44,873.8 GRAVEL Bimodal 2.2
845 0.2 883.9 0.5 2,449.7 25,213.2 COARSE SAND Trimodal 22.5
885 -3.2 9,513.6 867.0 14,473.2 33,487.2 GRAVEL Unimodal 2.9
928 -4.3 19,301.0 2,389.3 32,096.4 55,748.7 GRAVEL Unimodal 1.2
953 -2.0 3,871.9 49.9 5,723.1 50,378.7 GRAVEL Polymodal 4.7
995 -2.7 6,700.4 297.4 12,883.7 40,919.8 GRAVEL Bimodal 4.8
1,024 -3.9 14,570.6 839.6 23,097.7 51,706.4 GRAVEL Bimodal 1.7
1,037 2.0 246.8 12.6 334.2 2,846.4 FINE SAND Polymodal 8.2
1,062 1.4 381.9 16.7 592.5 3,770.9 MEDIUM SAND Polymodal 8.4
1,087 -2.7 6,700.4 297.4 12,883.7 50,412.3 GRAVEL Bimodal 4.9
1,103 -1.7 3,178.1 131.7 3,731.6 25,962.2 GRAVEL Trimodal 7.6
1,112 0.6 680.4 50.8 816.6 3,532.3 COARSE SAND Bimodal 5.0
1,124 0.6 672.1 51.0 610.4 2,753.9 COARSE SAND Bimodal 3.9
1,149 -2.8 6,846.3 136.2 12,264.1 64,735.8 GRAVEL Bimodal 3.5
1,186 -2.2 4,499.8 144.8 7,378.0 28,869.1 GRAVEL Bimodal 7.7
1,224 0.9 521.8 43.3 569.5 2,901.9 COARSE SAND Bimodal 4.8
1,238 0.9 523.9 70.8 573.7 1,632.8 COARSE SAND Bimodal 2.8
1,251 -0.2 1,130.8 41.9 800.2 23,688.4 COARSE SAND Polymodal 11.7
1,257 3.0 122.0 18.5 116.5 675.4 FINE SAND Bimodal 4.5
1,262 -2.2 4,447.6 80.8 12,251.3 27,778.6 GRAVEL Bimodal 9.0
1,267 1.9 277.2 26.8 452.8 1,961.4 MEDIUM SAND Trimodal 4.6
1,286 -0.6 1,559.0 125.9 962.6 16,265.9 COARSE SAND Trimodal 6.4
1,301 0.1 945.1 80.3 775.6 4,210.5 COARSE SAND Bimodal 4.3
1,315 -1.5 2,875.4 56.9 3,120.3 48,726.2 GRAVEL Polymodal 5.4
1,321 2.3 202.0 55.1 208.4 609.1 FINE SAND Unimodal 2.7
1,328 0.7 601.6 300.7 614.3 1,554.2 COARSE SAND Unimodal 2.2
1,365 -1.4 2,555.8 530.3 2,858.3 19,952.4 GRAVEL Trimodal 3.6
1,376 -3.0 7,804.1 136.2 12,264.1 56,388.2 GRAVEL Bimodal 7.9
1,392 -3.2 9,059.0 312.6 17,092.4 51,279.6 GRAVEL Bimodal 2.4
1,406 6.0 15.8 3.5 13.7 199.1 MUD Bimodal 4.1
1,413 6.5 11.1 3.2 10.6 45.9 MUD Unimodal 2.8
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10 5.0 32.2 5.1 32.3 217.2 MUD Unimodal 4.2
50 5.5 22.5 4.9 23.8 93.8 MUD Unimodal 3.1
100 4.9 32.6 6.8 34.7 127.2 MUD Unimodal 3.1
140 4.1 59.1 10.3 72.2 216.5 MUD Unimodal 3.2
163 3.5 90.5 13.9 113.9 338.6 FINE SAND Unimodal 3.4
186 3.3 103.8 15.6 139.0 354.7 FINE SAND Unimodal 3.4
209 2.8 143.0 16.5 186.4 632.2 FINE SAND Unimodal 4.1
245 2.2 216.3 25.8 304.1 827.9 FINE SAND Unimodal 3.8
260 2.6 162.8 26.6 211.2 515.7 FINE SAND Unimodal 3.2
270 -0.6 1,528.8 96.2 2,551.5 6,893.7 COARSE SAND Bimodal 5.1
280 0.9 520.5 63.6 535.0 2,936.0 COARSE SAND Trimodal 4.4
290 0.9 523.4 70.9 469.9 3,147.5 COARSE SAND Bimodal 4.3
294 0.6 650.8 102.0 613.3 3,078.4 COARSE SAND Bimodal 3.7
300 -0.7 1,575.6 103.9 2,940.7 6,684.0 COARSE SAND Bimodal 5.0
303 0.2 856.6 103.9 949.7 3,882.1 COARSE SAND Bimodal 4.2
310 2.0 242.1 59.6 264.7 530.8 FINE SAND Unimodal 2.3
315 0.1 934.2 141.0 796.8 6,733.3 COARSE SAND Bimodal 4.1
345 -0.3 1,194.1 228.0 758.8 18,413.9 COARSE SAND Bimodal 3.7
365 1.0 499.2 162.0 483.7 2,574.2 MEDIUM SAND Bimodal 2.7
385 -0.6 1,566.9 167.3 2,500.7 6,744.7 COARSE SAND Bimodal 4.4
395 0.7 615.1 176.0 460.4 3,014.0 COARSE SAND Bimodal 3.2
415 0.2 889.9 228.6 637.9 4,910.2 COARSE SAND Bimodal 3.4
440 1.1 461.7 120.0 506.0 1,132.6 MEDIUM SAND Unimodal 2.5
455 0.3 826.8 240.9 647.4 3,390.2 COARSE SAND Bimodal 2.9
470 -1.3 2,399.6 334.8 3,328.3 8,718.8 GRAVEL Bimodal 2.9
490 1.2 444.0 138.1 475.1 922.0 MEDIUM SAND Unimodal 2.3
530 1.2 430.9 44.5 502.7 2,532.7 MEDIUM SAND Bimodal 4.4
540 0.1 917.3 293.7 715.7 3,479.6 COARSE SAND Bimodal 2.9
550 1.1 462.1 162.1 485.8 897.3 MEDIUM SAND Unimodal 2.1
570 -0.6 1,471.7 303.5 2,060.6 3,735.7 COARSE SAND Bimodal 2.9
590 -1.7 3,357.7 813.4 3,183.2 6,518.9 GRAVEL Unimodal 2.1
592 -0.5 1,405.1 223.8 1,611.7 3,605.6 COARSE SAND Bimodal 2.9
602 -0.8 1,690.6 239.2 2,369.6 4,032.6 COARSE SAND Bimodal 3.2
606 -1.4 2,584.8 130.9 3,804.9 7,006.1 GRAVEL Unimodal 3.7
615 -1.3 2,409.1 25.3 9,993.8 26,957.8 GRAVEL Bimodal 5.6
618 0.0 990.0 15.2 2,147.6 22,390.7 COARSE SAND Bimodal 10.2
621 1.2 449.9 13.8 273.6 25,263.3 MEDIUM SAND Bimodal 12.2
626 3.3 101.8 18.7 122.6 288.1 FINE SAND Unimodal 2.8
635 -1.1 2,145.5 83.5 3,995.0 27,331.0 GRAVEL Bimodal 5.8
637 3.4 96.2 5.6 41.4 3,769.3 FINE SAND Polymodal 13.5
640 -0.5 1,425.7 92.8 2,791.0 6,249.2 COARSE SAND Bimodal 5.5
671 6.8 9.3 2.5 9.4 33.2 MUD Bimodal 2.7
753 5.9 16.8 3.1 18.0 156.6 MUD Bimodal 4.3
787 6.1 14.9 3.0 15.0 206.8 MUD Bimodal 4.3
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Appendix C-2 (continued): Grain size characteristics of samples from the

















5 5.7 19.6 2.8 14.9 345.7 MUD Bimodal 5.7
9 4.4 47.7 6.3 45.2 377.5 MUD Unimodal 4.8
15 4.7 39.6 5.3 37.6 315.2 MUD Bimodal 4.8
70 5.6 20.4 3.8 18.4 131.8 MUD Unimodal 3.9
127 4.2 55.3 8.3 71.4 221.7 MUD Unimodal 3.5
146 3.8 74.0 13.1 90.4 242.2 FINE SAND Unimodal 3.0
158 3.1 112.7 17.8 119.6 443.1 FINE SAND Unimodal 3.4
171 2.6 168.7 27.1 211.7 568.0 FINE SAND Unimodal 3.3
178 3.4 92.0 12.3 103.9 436.0 FINE SAND Bimodal 3.9
195 1.6 335.4 131.3 351.4 671.3 MEDIUM SAND Unimodal 2.0
239 1.6 339.5 55.8 395.1 2,620.1 MEDIUM SAND Bimodal 3.7
245 1.5 358.8 75.4 415.7 927.5 MEDIUM SAND Unimodal 2.8
260 1.6 341.0 94.1 367.1 719.6 MEDIUM SAND Unimodal 2.2
270 1.7 318.6 86.0 347.4 731.1 MEDIUM SAND Unimodal 2.3
277 1.7 315.4 112.1 333.0 645.7 MEDIUM SAND Unimodal 2.1
287 0.4 774.9 143.4 653.6 3,599.5 COARSE SAND Bimodal 3.7
300 1.5 347.7 62.9 393.7 828.3 MEDIUM SAND Unimodal 2.6
310 -0.5 1,402.2 265.7 2,167.6 3,550.5 COARSE SAND Bimodal 3.1
314 1.6 333.0 66.8 374.7 776.5 MEDIUM SAND Unimodal 2.5
324 5.1 30.1 5.8 33.1 131.0 MUD Unimodal 3.4
330 1.8 289.8 59.1 326.8 649.2 MEDIUM SAND Unimodal 2.4
348 -1.5 2,784.7 148.5 3,855.1 25,985.3 GRAVEL Bimodal 3.3
357 0.3 830.5 182.7 608.8 5,215.7 COARSE SAND Bimodal 3.9
366 -1.1 2,108.7 221.7 1,885.4 21,053.2 GRAVEL Bimodal 4.3
372 1.5 359.9 121.1 377.9 765.4 MEDIUM SAND Unimodal 2.2
390 -1.5 2,901.8 227.7 3,245.2 23,998.1 GRAVEL Bimodal 3.2
396 -0.7 1,669.5 258.8 2,059.1 8,750.4 COARSE SAND Bimodal 4.3
408 0.3 795.0 196.4 634.9 3,300.1 COARSE SAND Bimodal 3.2
433 -0.7 1,670.4 190.5 2,335.8 6,933.3 COARSE SAND Bimodal 4.2
450 0.0 969.0 252.4 775.7 4,076.7 COARSE SAND Bimodal 3.6
470 0.1 902.9 228.2 693.4 4,775.6 COARSE SAND Bimodal 3.3
483 -0.1 1,038.2 247.2 894.4 3,831.4 COARSE SAND Bimodal 3.6
500 0.8 562.8 124.9 451.9 3,002.0 COARSE SAND Bimodal 3.6
529 1.3 403.8 64.0 524.7 1,590.7 MEDIUM SAND Bimodal 3.3
558 -1.8 3,426.7 328.1 3,783.6 26,217.9 GRAVEL Bimodal 2.4
569 -0.1 1,043.8 101.1 754.9 16,107.6 COARSE SAND Bimodal 4.6
589 -0.8 1,698.8 183.7 1,275.4 20,909.0 COARSE SAND Bimodal 4.7
609 1.3 396.1 131.1 405.6 971.1 MEDIUM SAND Bimodal 2.6
610 -1.7 3,139.5 163.6 4,354.4 26,067.2 GRAVEL Trimodal 3.1
630 -0.3 1,267.9 136.0 543.5 22,166.5 COARSE SAND Bimodal 4.6
635 0.3 785.2 182.6 604.3 3,649.8 COARSE SAND Bimodal 3.6
648 -1.1 2,103.9 154.6 2,464.0 20,000.5 Gravel Bimodal 4.8
655 0.7 634.0 116.3 519.7 2,900.6 COARSE SAND Bimodal 3.5
690 6.4 12.2 2.5 11.2 99.2 MUD Bimodal 4.3
776 5.5 22.0 3.3 19.4 298.5 MUD Bimodal 5.1
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Appendix C-2 (continued): Grain size characteristics of samples from the

















5 3.9 66.0 11.3 80.0 237.0 FINE SAND Unimodal 3.2
20 4.9 34.5 5.3 39.1 166.4 MUD Unimodal 3.8
60 4.8 35.0 5.8 34.4 199.8 MUD Unimodal 3.9
100 4.2 53.7 7.2 73.7 216.2 MUD Unimodal 3.7
170 4.0 60.4 8.7 83.4 222.3 MUD Unimodal 3.5
270 4.5 42.9 5.8 35.7 393.5 MUD Bimodal 5.0
367 4.7 37.8 5.4 29.0 372.6 MUD Bimodal 5.0
430 3.8 72.2 10.7 86.8 315.7 FINE SAND Unimodal 3.6
460 3.1 113.0 20.0 140.2 307.4 FINE SAND Unimodal 2.8
490 4.6 41.9 7.1 49.4 172.0 MUD Unimodal 3.4
570 4.8 35.9 6.0 38.9 191.2 MUD Unimodal 3.8
639 4.8 35.2 5.7 42.2 159.3 MUD Unimodal 3.6
656 3.7 75.0 12.6 94.5 244.9 FINE SAND Unimodal 3.1
679 1.7 299.3 65.7 355.5 729.0 MEDIUM SAND Unimodal 2.5
697 3.7 77.5 10.7 92.3 339.0 FINE SAND Unimodal 3.7
708 1.1 454.4 129.4 478.8 864.0 MEDIUM SAND Unimodal 2.1
730 0.2 862.7 86.8 723.6 3,074.4 COARSE SAND Bimodal 3.6
742 -2.9 7,380.5 399.8 19,107.7 40,575.9 GRAVEL Bimodal 4.1
750 -1.0 1,980.3 571.0 2,636.4 4,427.1 COARSE SAND Bimodal 2.3
760 -1.3 2,448.9 554.8 2,924.5 6,429.3 GRAVEL Unimodal 2.9
765 -0.6 1,469.0 98.2 2,023.1 3,901.4 COARSE SAND Bimodal 3.8
780 -2.1 4,192.4 1,151.4 4,598.0 7,543.4 GRAVEL Unimodal 2.1
790 -1.2 2,329.6 139.7 3,229.8 16,574.7 GRAVEL Bimodal 6.4
805 -0.6 1,504.6 254.2 2,150.1 3,975.7 COARSE SAND Bimodal 3.4
818 -1.8 3,546.1 928.4 3,463.8 6,727.2 GRAVEL Unimodal 1.9
826 -1.3 2,504.9 68.9 3,295.3 21,102.6 GRAVEL Bimodal 5.5
838 -0.9 1,812.3 142.7 2,921.5 6,677.8 COARSE SAND Bimodal 4.4
861 -1.9 3,769.2 137.5 6,263.3 26,210.4 GRAVEL Polymodal 3.1
871 5.8 18.3 3.6 14.5 301.9 MUD Bimodal 4.5
885 -0.1 1,060.9 140.6 1,030.3 4,155.3 COARSE SAND Bimodal 3.7
902 -1.4 2,556.6 224.6 4,321.1 9,479.0 GRAVEL Unimodal 4.3
923 -0.2 1,150.3 28.9 2,885.8 9,671.5 COARSE SAND Bimodal 9.0
981 5.9 16.8 3.5 17.9 87.5 MUD Bimodal 3.8
- 288 -
Appendix C-3: Cross-sections of gauging stations at the modern
Goulburn and Murray Rivers used to derive bankfull stage. Bankfull stage






































Appendix C-4: Cross-sections of the Tallygaroopna palaeochannel system
(Goulburn River) used to derive bankfull stage. Bankfull stage is indicated
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Appendix C-4 (continued): Cross-sections of the Tallygaroopna
palaeochannel system (Goulburn River) used to derive bankfull stage.
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Appendix C-4 (continued): Cross-sections of the Tallygaroopna
palaeochannel system (Goulburn River) used to derive bankfull stage.
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Appendix C-4 (continued): Cross-sections of the Tallygaroopna
palaeochannel system (Goulburn River) used to derive bankfull stage.
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Appendix C-4 (continued): Cross-sections of the Tallygaroopna
palaeochannel system (Goulburn River) used to derive bankfull stage.
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Appendix C-5: Cross-sections of the GT2 PC system (Goulburn River)
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Appendix C-5 (continued): Cross-sections of the GT2 PC system
(Goulburn River) used to derive bankfull stage. Bankfull stage is indicated










































Appendix C-6: Cross-sections of the MT1 PC system (Murray River) used
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Appendix C-6 (continued): Cross-sections of the MT1 PC system (Murray












































































































































Appendix C-7: Cross-sections of the MT2 PC system (Murray River) used
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Appendix C-7 (continued): Cross-sections of the MT2 PC system (Murray

















































Appendix C-8: Cross-sections of the MT3 PC system (Murray River) used
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Appendix C-8 (continued): Cross-sections of the MT3 PC system (Murray









































































































values for grains with fast (black dots) and slow (triangles) decay curves.
No distinctive patterns
Appendix C
absolute ages for samples with low measured field water contents of the
Goulburn and Murray river palaeochannels.
Age (ka) (f ield w ater content)
Age (ka) (for 10% w ater content)
Age (ka) (for 15% w ater content)
Age (ka) (for 20% w ater content)
Age (ka) (for 25% w ater content)
Age (ka) (for 30% w ater content)
-9: Radial plots of UoW1619 showing
-10: The influence of changes in water contents to the
























































Appendix D-1: Modelled rain-plus-snowmelt depths (mm) for all













































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix D-1 (continued): Modelled rain-plus-snowmelt depths (mm) for
all investigated catchments. Precipitation, natural flow and losses are
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix D-1 (continued): Modelled rain-plus-snowmelt depths (mm) for
all investigated catchments. Precipitation, natural flow and losses are


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix D-3 (continued): Modelled, potential runoff (mm) for all
investigated catchments.
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